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It  is  only  in  recent  tiau  that  tha  actinic  or  photochemical  effect*  of  short 
wavelength  light  on  the  retina  have  coee  to  be  recognized.  Prior  to  1 950 (  thereal 
injury  was  the  concept  used  alaost  exclusively  to  explain  retinal  daeage  resulting  froe 
excessive  exposure  to  infrared  (IR)  and  visible  light.  Birch-Hirschfeld  in  1912 
postulated  that  the  visible  portion  of  the  solar  spectrue  was  responsible  for  solar 
retinitis  and/or  eclipse  blindness.1  He  believed  that  the  effects  of  sunlight  on  the 
retina  were  abiotic  or  photochaaical  in  nature.  His  opinion  was  contested  by  Verhoeff 
and  Bell  who  produced  what  they  considered  incontrovertible  evidence  that  solar 
retinitis  was  a  thereal  phenoaenon.2  This  dictua  doainated  the  thinking  of  eost 
ophthalmologists  for  the  next  5  decades. 

During  World  War  II,  the  daaaging  effects  of  sunlight  on  the  retina  becaee  a  aajor 
concern  for  ailitary  personnel  operating  in  the  Pacific  and  Nediterranean  theaters. 
Observers  spotting  planes  attacking  froa  the  direction  of  the  sun  sustained  severe 
retinal  lesions.3  Saith  had  already  reported  in  1944  on  actinic  pigaent  degeneration 
in  the  macula  of  ISO  serviceaen  stationed  on  a  tropical  island  in  the  Pacific.*  He 
described  the  retinal  photopathology  as  siailar  in  appearance  to  senile  aacular 
degeneration.  Cordes  described  the  syndrome  of  foveoaacular  retinitis,  observed  in  1948 
among  176  naval  personnel.3  It  consisted  of  aacular  edeaa  with  loss  of  foveal  reflex. 
Dispute  over  the  etiology  of  this  disease  was  reviewed  by  Narlor  at  al  in  1973. 6  They 
concluded  that  solar  retinitis  was  a  probable  cause.  Another  aspect  of  chronic  light 
daaage  to  the  retina  during  World  War  II  occurred  in  the  prison  caaps  in  southeast  Asia 
where  thousands  of  allied  troops  were  interned  under  severe  aalnutrition  or  starvation 
conditions  and  daily  exposure  to  bright  sunlight. T>*  These  prisoners  of  war  experienced 
a  loss  of  central  vision  and  in  aany  cases  aacular  lesions  siailar  to  those  observed 
after  sun  gazing. 

After  the  war,  the  ocular  hazard  froa  the  nuclear  fireball  becaee  a  setter  of 
concern.  In  Nevada,  rabbits  exposed  to  a  nuclear  fireball  received  retinal  lesions  out 
to  distances  of  42  eiles,  while  aonkeys  exposed  in  an  airplane  to  a  high  altitude 
burst,  developed  retinal  lesions  at  300  nautical  eiles  froa  the  fireball.  We  developed 
in  the  laboratory  a  carbon  arc  source  to  simulate  the  nuclear  flash  and  used  it  to 
study  retinal  lesions  ir.  the  rabbit.*  This  apparatus  was  used  to  treat  successfully  a 
aacular  angiosa  in  a  patient  and  represents  the  first  photocoagulation  treatment 
performed  in  this  country.10  Hear.while,  Heyer-Schwickerath  in  conjunction  with  the 
Zeiss  Optical  Company  had  developed  the  first  clinical  photocoagulator. *»  We  purchased 
one  of  the  first  three  coagulators  to  be  exported  froa  Germany  and  used  it  to  treat 
patient*.  He  also  developed  a  research  coagulator  for  short  pulses  using  a  2300  W  xenon 
lamp  with  associated  optics.13  This  apparatus  modified  by  quartz  optics,  filters, 

"hot*  and  *cold*  mirrors  etc.  has  been  a  valuable  research  tool  throughout  the  years, 
providing  a  simulated  solar  spectrum,  10  na  bandwidths  throughout  the  visible  and  near 
infrared  spectrum  and  near  ultraviolet  wavelengths  down  to  300  na. 

Host  of  our  early  research  before  lasers  became  available  involved  short  exposure 
times  and  high  power  levels  which  aade  it  valid  to  assume  that  thermal  injury  was  the 
basic  mechanism  involved  in  retinal  daaage.  By  1966,  enough  data  on  rabbits  was 
available,  including  some  laser  data,  to  plot  irradiance  in  W*cm~3  vs  esposure  time  in 
seconds  for  minimal  or  threshold  retinal  daeage  over  10  log  units  of  time,  from  30 
nanoseconds  110“*)  to  100  seconds.13  Plotted  iogarithaically,  these  data  fell  on  a 
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•tr tight  line  froa  30  nanoseconds  and  3  HH*ce~a  to  1  •  and  10  H*ce“a.  Beyond  on* 
second,  tha  curvt  flattened  out  along  tha  abciaaa  but  navar  qulta  raaehad  a  plateau. 

Tha  eoeion  intarpratation  was  that  tha  plataau  rapraiantad  a  taaparatura  too  Ion  to 
cauta  tharaal  denaturation.  Thara  Nat  no  avidanca  at  tha  tiaa  to  indicata  a  wavelength 
dapandanca.  In  fact,  ovar  tha  atraight  portion  of  tha  curva  it  ua»  iaaatarial  uhathar 
tha  radiation  »aa  infrared  or  vi«iblaf  coharant  or  incoharant. 

Ha  found  tha  threahold  for  ratinal  daeaga  in  tha  rhaaua  aonkay  Nhan  exposed  to  a 
aiaulatad  tolar  source  at  aaa  laval  for  thraa  ainutaa  to  be  18.9  H*ce~a,  corresponding 
to  a  taaparatura  rise  of  leas  than  3*»C.‘4  Host  authorities  on  tharaal  injury  and 
danaturation  do  not  baliava  that  such  a  saall  taaparatura  rise  can  daaage  tissue.  It  is 
generally  assuaad  that  10°C  above  aabient  is  tha  threshold  for  tharaal  daaage. 
Accordingly,  we  postulated  that  this  raprasantad  soaa  type  of  theraally  enhanced 
photochaaical  daaage. 

Ha  sere  able  also  to  shoN  that  the  siaulated  solar  spectral  bandNidth  400-1400  na 
uas  at  least  five  tiaas  eore  affective  than  tha  bandNidth  700-1400  na  in  producing  a 
ratinal  lesion  in  tha  aonkay.  This  lad  us  to  baliava  that  tha  short  Navelengths  in  the 
solar  spactrua  sera  prisarily  responsible  for  solar  retinitis  and  that  infrared 
radiation  produced  injury  only  uhan  tha  poser  level  was  high  enough  to  causa  a  ratinal 
burn.  In  later  and  sore  elaborate  experiaents  with  the  siaulated  solar  source  we  proved 
that  in  the  rhesus  sonkey  solar  retinitis  and  eclipse  blindness  were  photochesical 
phenoeena  caused  by  the  short  wavelengths  in  the  solar  spectrua  and  that  the  infrared 
coaponent  produced  negligible  injury. *a 

These  observations  proaptad  us  to  aake  a  definitive  study  of  photic  daaage  to  the 
retina  as  a  function  of  wavelength. He  exposed  the  rhesus  retina  to  8  sonochroaatic 
laser  lines  extending  froa  441  ns  in  the  blue  visible  to  1064  na  in  the  near  infrared. 
He  found  that  the  rstinal  sensitivity  increased  draaatically  in  the  blue  region  of  the 
spectrua;  especially  for  long  exposure  tiaas  (1000  s).  The  corneal  power  required  to 
produce  a  ainiaal  lesion  in  1000  s  increased  by  three  orders  of  aagnitude  in  going  froa 
441  na  to  1064  na.  Furtheraore,  the  type  of  lesion  produced  by  441  na  was  entirely 
different  f-oa  that  produced  by  1064  na.  The  latter  was  a  ratinal  burn  whose  iaage 
diaaete*  mealier  than  the  exposed  site  and  at  a  teaperature  rise  of  23°C,  whereas 
the  441  on  accused  with  negligble  teaperature  rise  (<  0.i°C)  and  the  lesion 

appeared  two  days  after  exposure  and  was  full  size.  This  was  clear  evidence  that  soae 
type  or  types  of  actinic  or  photocheaical  reaction (s)  were  produced  by  short  wavelength 
light. 

Histologically  as  well  a*  aorphologically ,  ainiaal  burn  lesions  differ  aarkedly 
froa  ainiaal  blue  light  lesions.17  When  theraal  lesions  are  exaained  by  light 
aicroscopy  at  24  to  48  hours  postexposure  it  is  found  that  aany  of  the  photoreceptor 
cells  have  been  irreversibly  daaaged  (pyknotic)  as  well  as  the  cellular  structure  of 
the  retinal  pigaent  epitheliua  (RPE).  Destruction  is  greatest  at  the  center  of  the 
lesion,  tapering  off  toward  the  periphery  because  aaxieua  teaperature  occurs  at  the 
center  of  the  irradiated  area.  Thus,  a  ainiaal  burn  lesion  is  always  saaller  than  the 
irradiated  area.  In  contrast,  ainiaal  blue  light  (441  na)  lesions  are  nearly  unifora 
across  the  irradiated  area  and  do  not  appear  until  4B  hours  after  exposure. 
Histologically,  daaage  appears  initially  in  the  RPE  at  48  hours  postexposure.  The  RPE 
is  inflaaaed  and  edeeatous,  aelanin  pigaent  granules  are  agglutinated  resulting  in 
depigaentation,  and  aacrophages  filled  with  melanin  granules  appear  in  the  subretinal 
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space.1"  The  photoreceptors  do  not  begin  to  shoe  aajcr  damage  until  5-6  days 
postexposure.  By  20  to  30  days  postexposure  a  ainiaal  blue  light  lesion  has  healed 
leaving  only  hypopigaentation  and  aacrophages  in  the  subretinal  space.  Tests  with 
rhesus  aonkeys  trained  to  perfora  a  visual  task  shoe  that  20/20  vision  is  lost  5-6  days 
postexposure  but  returns  in  20-30  days.1*  After  60  days  the  aacrophages  have 
disappeared  froe  the  subretinal  space)  at  90  days  a  slight  granular  and  depigeented 
area  retains  in  the  RPE  that  bears  a  suggestive  reseeblance  to  age-related  secular 
degeneration  (AMD). 

He  have  extended  our  investigation  of  retinal  sensitivity  to  radiation  into  the 
near  ultraviolet  (UV).  Aphakic  aonkeys  (lens  reaoved  surgically  froe  one  eye)  were 
exposed  to  405,  380,  350  and  325  na  radiation  froa  our  2500  H  xenon  laap  systea  with 
quartz  optics.  We  found  that  the  rhesus  retina  was  6  tiaes  aore  sensitive  to 
wavelengths  350  and  325  na  than  to  440  na  blue  light.20  The  photocheaical  effects  o* 
near  UV  radiation  are  siailar  but  aore  exaggerated  than  those  of  blue  light  daaage  and 
include,  in  addition  to  injury  to  the  RPE  cells,  extensive  daaage  to  the 
photoreceptors,  especially  the  cones. 

The  basic  aechanisas  proaoting  or  causing  photocheaical  reactions  in  the  retina  are 
unknown  but  there  is  good  reason  to  believe  that  oxygen  free  radicals  and  reactive 
aolecules  like  superoxide,  hydrogen  peroxide,  hydroxyl  radical  and  singlet  oxygen  play 
an  iaportant  role  in  producing  toxic  effects.  To  test  this  hypothesis  we  exposed  the 
retinae  of  anesthetized  aacaque  aonkeys  under  high  levels  of  arterial  blcoci-oxygen 
tension  (P02‘s  ranging  froe  100-350  as  Hg)  to  short  wavelength  light  (435-445  na)  and 
coapared  the  threshold  for  retinal  daaage  to  that  deterained  under  noraal  conditions. 
The  results  were  definitive.21  Threshold  radiant  exposure  in  J'ca'2  decreased 
exponentially  with  increase  in  P0a.  We  have  also  shown  that  oxygenation  reduces  the 
threshold  for  near  UV  retinal  daaage  by  a  factor  of  three  or  aore.  Histological 
analysis  showed  excessive  daaags  to  the  RPE.22  These  experiaents  strengthen  but  do  not 
prove  the  hypothesis  that  oxygen  free  radicals  are  involved  in  toxic  reactions  produced 
in  the  retina  during  light  or  near  UV  exposure.  In  another  experiwent,  a  aonkey  fed 
beta-carotene  over  a  ?  year  period  was  definitively  protected  froa  blue  light  retinal 
daaage  when  exposed  under  high  levels  of  arterial  blood-oxygen  tension.  The  protective 
action  of  beta-carotene  under  these  conditions  iaplies  that  singlet  oxygen  say  be  an 
iaportant  toxic  factor  since  beta-carotene  is  known  to  be  an  efficient  scavenger  of 
singlet  oxygen.  However,  it  is  also  an  effective  scavenger  of  aany  other  excited 
eolecular  species. 

In  a  series  of  recent  experiaents  we  have  atteapted  to  detect  the  effects  of 
superoxide  disautase  (SOD)  and  catalase  on  the  retinal  toxicity  of  blue  light  (440 
na>.2s  These  enzyaes  are  specific  for  the  disautation  of  superoxide  to  hydrogen 
peroxide  and  oxygen  and  the  catalysis  of  hydrogen  peroxide  to  oxygen  and  water.  They 
were  injected  intravenously  (i.v.)  into  aonkeys  both  before  and  after  exposure  of  the 
retina  to  neasured  radiant  exposures  of  blue  light.  The  results  were  erratic  and 
difficult  to  interpret  and  we  have  concluded  that  this  aethod  of  adainistration  is  not 
effective  because  of  the  short  half-life  of  these  eniyaes  in  the  circulation  and  their 
inability  to  penetrate  the  blood-retinal  barrier  at  the  RPE. 

Pulses  of  40  aicroseconds  duration  at  pulse  repetition  frequencies  (PRF)  of  100, 
200,  400  and  1600  Hz  at  the  laser  wavelengths  647  and  489  na  have  been  investigated  for 
ainiaal  or  threshold  daaage  in  the  aacaque  retina.  The  threshold  for  488  na  pulses  is 
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always  lower  than  tht  threshold  for  647  na  pulses  and  for  1000  s  exposures  at  1600  Hz, 
the  48B  ne  threshold  is  even  lower  than  the  cw  threshold  for  647  ne.  For  each  PRF  the 
difference  in  threshold  between  the  two  wavelengths  increases  with  exposure  Use)  the 
difference  widens  as  the  PRF  increases.  Technical  difficulties  with  the  acoustic 
eodulator  attacheent  to  the  argon-krypton  laser  have  prevented  us  over  the  past  two 
years  fros  investigating  pulse  trains  at  PRF's  of  10  and  100  kHz  and  1,  10,  and  20  HHz. 
He  hope  to  overcoee  these  difficulties  during  the  next  year. 

Daily  exposures  of  the  two  trained  eonkeys  to  near  UV  radiation  (330-420  no)  were 
terainated  in  February  1985.  One  aniaal  with  3  bb  pupillary  diaseter  received  1171 
daily  exposures  of  1000  s  duration  to  5  aN*ca“3  as  Beasured  at  the  cornea.  The  other 
aniaal  with  dilated  pupils  08  bb)  received  584  daily  exposures  under  identical 
conditions.  No  evidence  of  cataract  in  the  exposed  eye  of  either  aniaal  has  been 
detected  up  to  the  present  tiae  (Narch  1987).  These  anieals  will  be  aaintained  in  their 
cages  and  exaained  every  3  aonths. 

The  significance  of  our  research  should  not  be  overlooked.  Since  its  inception  in 
1972  our  research  prograa  has  provided  valuable  biological  data  leading  to  the 
establishaent  of  ocular  safety  standards  by  the  Araed  Services,  the  Aaerican  National 
Standards  Institute  (ANSI  2-1 36  and  Z— 31 1 )  and  other  groups  such  as  the  Aaerican 
Industrial  Hygiene  Association  (AIHA)  and  the  Aaerican  Conference  of  Sovernaental 
Industrial  Hygenists  (AC6IH).  A  priaary  objective  was  to  establish  safe  exposure  levels 

to  the  eye  of  laser  radiation,  particularly  those  wavelengths  used  by  the  Araed 

Services.  Laser  wavelengths  investigated  include  the  followings  C02  10.6  ya,  HF  and  DF 
at  2. 5-3.0  ya,  GaAs  at  820,  B30,  850  and  905  na,  HesCd  at  441  and  325  na,  and 

argon-krypton  458,  48B,  514  and  647  na,  HetNe  at  633  na,  NdsYA6  at  1064  na  and  argon  at 

351  and  363  na.  Me  have  shown  that  the  wavelengths  in  the  near  infrared  eaitted  by 
6aAs  lasers  (820-910  na)  do  not  present  an  ocular  hazard  at  the  levels  used  in  the 
NILES  prototype  system  or  in  fiber  optic  coaauni cation  systems.34  Solar  retinopathy 
and  eclipse  blindness, ,4* »»  foveoaacular  retinitis,0  actinic  aacular  pigaent 
degeneration4  and  nutritional  aablyopia  froa  starvation  plus  exposure  to  sunlight7*0 
are  ail  priaarily  photocheaical  phenoaena  resulting  froa  either  acute  or  chronic 
exposure  to  the  short  wavelengths  (550-400  na)  in  the  solar  spectrua  which  at  sea  level 
peaks  at  about  470  na  and  represents  the  aost  iaportant  environaental  hazard  to  the 
retina.  There  is  convincing  evidence  suggesting  that  acute  exposure  to  sunlight  causes 
a  photocheaical  type  of  aaculopathy  that  can  be  identified  as  the  blue  light 
retinopathy  and  there  are  a  nuaber  of  reasons  for  believing  that  long-tera  exposure  to 
blue  light  accentuates  aging  in  the  RPE,  contributing  to  age-related  aacular 

degeneration. 3a*24  For  exaaple,  the  depioeentat ion  accompanying  the  aging  process  in 
the  retina  is  siailar  to  that  resulting  froa  blue  light  exposure.  A  significant  feature 
of  the  blue  light  lesion  is  the  loss  of  aelanin  granules  suggesting  that  the  foraation 
of  coaplex  aelanol ipof uscin  granules  is  increased.  Increased  photooxidation  of  the 
outer  segments  of  the  rods  and  cones  by  blue  light  and  oxygen  increases  the 
accuaulation  of  lipofuscin  in  the  RPE  cells,  leading  to  the  extrusion  of  debris  onto 
Bruch's  membrane.  Thus  light  exposure  increases  the  pnagocytic  burden  of  the  RPE, 
producing  more  lipofuscin  and  aelanolipofuscin  granules,  depigaentation,  undigested 
cross-linked  photooxidation  products  and  drusen,  the  precursors  of  age-related  aacular 
degeneration. 

After  defining  the  action  spectrua  for  retinal  damage  in  the  visible  and  near 
infrared  spectrum,14  we  have  shown  that  the  aaaaalian  retina  is  6  times  aore  sensitive 
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to  near  UV  radiation  than  to  blui  light20  and  that  the  action  apectrua  continues  to 
increase  exponentially  down  to  325  n«;  that  near  UV  injury  involves  both  the  RPE  and 
the  photoreceptors)  that  oxygenation  increases  the  sensitivity  of  the  retina  to  both 
blue  light  and  near  UV  radiation;  that  beta-carotene  increases  the  threshold  for  daeage 
at  high  arterial  blood-oxygen  tensions,  thereby  implying  that  singlet  oxygen  aay  play 
an  ieportant  role  in  photocheaical  toxicity;  that  photocheeical  lesions  are 
histologically  different  froa  thereal  lesions  and  that  when  the  lens  is  reaoved  the 
•aeealiann  retina  is  extreaely  sensitive  to  saall  daily  exposures  to  near  UV  radiation. 
Our  research  on  the  sensitivity  of  the  retina  to  near  UV  radiation  has  had  a  profound 
influence  on  the  aodern  practice  of  iaplanting  intraocular  lenses  UOL's)  in  patients 
after  lens  extraction  for  cataract.  IQL’s  that  strongly  attenuate  the  UV  are  now 
coaaercially  available  and  are  being  iaplanted  in  patients  by  ophthaleic  surgeons. 

There  is  also  a  growing  awareness  aeong  ophthaleologists  that  overexposure  of  the 
retina  to  short  wavelength  light  and  near  UV  radiation  during  surgical  procedures  is  a 
eajor  cause  of  those  retinopathies  occuring  after  lens  extaction. Qur  research 
has  helped  establish  U.S.  Arey  safety  standards  and  laser  safety  standards  proaulgated 
by  the  Aeerican  National  Standard  Institute  (ANSI  Z-136.1).2* 

3.  LIGHT  TOXICITY  AS  FUNCTION  OF  NAVELENBTH 

The  first  definitive  study  of  photic  daeage  in  the  retina  as  a  function  of 
wavelength  was  perforaed  by  Hae  et  allA  using  the  rhesus  eonkey  as  the  experieental 
anieal.  Ne  exposed  the  rhesus  retina  to  8  eonochroaatic  laser  lines  extending  froe  1064 
ne  in  the  near  infrared  to  441  na  in  the  visible  blue.  Exposure  tiaes  were  1,  16,  100 
and  1000  s.  The  criterion  for  ainiaal  daaage  was  the  appearance  of  a  visible  lesion  as 
seen  in  the  fundus  caaera  at  48  hours  postexposure.  Each  laser  beaa  was  optically 
adjusted  to  produce  a  Gaussian  distribution  on  the  retina  which  was  500  aicroaeters  in 
diaaeter  at  the  1/e2  points.  The  action  spectrua  for  ainiaal  retinal  daaage  rose 
exponentially  toward  the  short  wavelengths  in  the  visible  spectrua.  The  corneal  power 
required  to  inflict  a  ainiaal  lesion  with  1064  na  radiation  was  three  orders  of 
aagnitude  greater  than  for  blue  light  at  44!  na  when  the  exposure  tiae  was  extended  to 
1000  s.  During  irradiation  the  calculated  aaxiaua  teaperature  in  the  retina  was  23°C 
for  the  infrared  beaa  and  less  than  0.1°C  for  the  blue  light  beaa.  It  was  obvious  that 
theraal  injury  resulted  froa  near  infrared  exposure  while  the  blue  light  lesion  was 
caused  by  soae  type  or  types  of  photocheaical  daaage.  These  two  types  of  retinal 
lesions  differ  not  only  in  the  basic  aechanisas  producing  thea  but  lead  to  entirely 
different  biological  effects  which  are  distinguishable  both  in  vivo  with  the  fundus 
caaera  and  histologically  with  the  light  aicroscope.  Ruffolo  et  al.,T 

In  another  publication,  Haa  et  al,3°  ne  suaaarued  3ur  conclusions  on  retinal 
daaage  as  follows:  There  are  at  least  three  types  of  radiation  insult  in  the  spectral 
range  400-1400  na.  These  are;  eechanical  disruption  of  retinal  structure  resulting  froa 
sonic  transients  or,  at  very  high  irradiance  levels,  shock  waves  engendered  by 
extreaely  short  pulses  of  radiation  which  are  absorbed  in  the  RPE  and  choroid,  Haa  et 

4l3*i  theraal  insult  (independent  of  wavelength  to  a  first  approxiaat ion)  resulting 
froa  absorption  of  energy  in  the  RPE  and  choroid  sufficient  to  produce  teaperatures 
greater  than  I0®C  above  aabient  in  the  RPE,  neural  retina  and  choroid;  actinic  insult 
froa  the  photocheaical  effects  of  extended  exposure  to  the  short  wavelengths  in  the 
visible  spectrua  (400-550  na)  at  irradiance  levels  too  low  to  produce  teaperatures  of 
aore  than  a  few  degrees  Celsius  above  aabient. 


6 


PoMtr  level,  wavelength  and  exposure  tilt  are  the  important  paraaaters  determining 
the  type  of  daeage.  There  if  no  sharp  deearcation  between  these  types  of  retinal 
injury.  Non-linear  phenomena  associated  with  picosecond  pulses  of  eode-locked  laser 
radiation  aerge  into  theraal  effects  as  exposure  times  approach  the  aicrosecond  range 
for  Q-switched  laser  pulses.  Only  power  level  and  exposure  duration  deteraine  whether 
the  daaage  is  mechanical  or  theraal  in  nature.  Wavelength  is  relatively  unimportant 
except  insofar  as  transaittance  through  the  ocular  media  and  absorption  by  the  RPE  and 
the  choroid  are  concerned.  Rate  of  delivery  and  aaount  of  energy  absorbed  are  the 
doainant  factors.  As  irradiance  on  the  retina  is  further  reduced  and  exposure  duration 
extended  a  point  is  reached  where  theraal  effects  become  ainiaal  or  even  completely 
negligible  and  wavelength  becomes  the  doainant  factor  for  photocheaical  effects. 

In  another  study  we  compared  the  efficiency  of  short  vs  iong  wavelengths  of  light 
to  produce  ainiaal  retinal  lesions  in  the  rhesus  monkey  as  detected  with  the  fundus 
camera  at  48  hours  after  exposure  to  cw  coherent  and  incoherent  optical  sources.  We 
coapared  the  retinal  response  of  seven  nearly  monochromatic  laser  lines  ranging  from 
441  to  632.8  na  with  the  incoherent  light  froa  a  2500  M  xenon  optical  source  using 
sharp  cut-off  filters  and  80  na  bandwidth  interference  filters.  The  three  types  of 
radiation  exposure  are  shown  in  Figure  1  where  the  sdu-’S  exposure  in  J*ca~2  is 
plotted  logarithmically  along  the  ordinate  vs  waveiangrh  in  na  along  the  abscissa.  The 
sharp  cut  filter  data  designated  by  squares  reprcsri-t.  bandwidth*  of  435-735,  455-735, 
485-735,  315-735,  545-735,  575-735,  625-735  and  675-735  naj  the  80  na  bandwidth  data 
represented  by  the  X's  were  peaked  at  450,  500,  550,  600,  650  and  700  na$  the  laser 
wavelengths  denoted  by  the  solid  circles  were  441,  458,  488,  514,  580,  610  and  633  na. 
All  exposure  tiaes  were  100  s.  The  incoherent  spot  sizes  on  the  retina  were  500 
aicroaeters  and  the  laser  spot  sizes  were  500  micrometers  in  diameter  to  the  1/e2 
points  of  the  Gaussian  distribution.  These  experiments  demonstrate  clearly  the 
influence  of  wavelength  on  photic  daaage  to  the  retina  and  indicate  that  the  biological 
effects  of  coherent  and  incoherent  light  are  entirely  similar.  Tha  nature  of  the  daaage 
ranges  froa  pure  photochemical  at  the  shortest  wavelengths  to  pure  theraal  at  the 
longest  wavelengths.  The  intermediate  wavelengths  produce  a  mixture  of  thermally 
enhanced  photochemical  daaage  and  theraal  daaage. 

Retinal  thresholds  in  the  rhesus  monkey  at  wavelengths  beyond  600  na  have  b^en 
obtained  by  Haa  et  a  1 4  Using  a  2500  W  xeno'.  lamp  with  interference  filters,  the 
threshold  radiant  exposures  in  J*ea~3  were  determined  for  wavelengths  820  *5  nm,  860  ,‘5 
nm  and  910  ‘25  na.  Exposure  times  ranged  from  1  to  1000  s  and  image  diameters  on  the 
-etina  were  500  micrometers.  No  significant  difference  in  threshold  was  noted  for  these 
wavelengths.  In  Figure  2  these  near  infrared  thresholds  are  coapared  with  similar  data 
previously  obtained  for  laser  wavelengths  1064  na  { Nd  *  ¥ AG ) t  647  na  (Ar-Kr)  and  632.8  nm 
(He-Ne>.  Radiant  exposures  in  J’cm~a  are  plotted  logarithmically  against  exposure  tiaes 
in  seconds.  Ail  three  lines  are  straight  and  approximately  parallel,  indicating  a 
similar  type  or  mechanism  of  injury  for  wavelengths  greater  than  600  nm.  The  type  of 
injury  is  thermal  in  nature  as  verified  by  funduscopy  and  histological  analysis, 

Ruffolo  et  al.**  Hi steloqical  examination  at  24  ami  48  hours  postexposure  discloses 
structural  damage  in  the  RPE  and  numerous  pyknotic  nuclei  in  the  outer  nuclear  layer. 
Minimal  thermal  lesions  are  always  smaller  than  the  image  diameter  on  the  retina 
because  temperature  is  maximal  at  the  center  of  the  irradiated  image.  The  damage  is 
maximal  at  the  center  of  the  lesion,  tapering  off  towards  the  periphery.  This  is  in 
sharp  contrast  to  minimal  photochemical  lesions  where  damage  is  fairly  uniform  across 
the  lesion  with  a  definite  border  between  injured  and  uninjured  RPE  cells  at  the 
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Figure  1 


The  radiant  exposure  in  J*cs-2  to  produce  a  sinisal  retinal  lesion  tor  a  100  s 
exposure  is  plotted  against  wavelength  in  ns  for  sharp-cut  filters  (open  box)  435-735, 
455-735,  485-735,  515-735,  625-735  and  675-735  n»$  80  ns  bandwidth  filters  (X's) 

450  ±40,  500  ±40,  550  ±40,  600  ±40,  650  ±40  and  700  ±40  nt;  laser  lines  (circles) 

441,  458,  488,  514,  580,  610  and  633  ns.  Iaage  diaseter  for  laser  lines  was  500  y* 
to  the  1/e2  points  of  Gaussian  distribution.  The  sharp-cut  and  80  n*  filters  isage 
diaseter  was  500  y®  across  a  unifors  distribution  as  produced  by  a  xenon  optical  source. 
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Figure  2 


I 


Comparison  of  near  infrared  thresholds  at  820,  860  and  910  no  wavelengths  (xenon) 
with  previous  laser  data  at  1064,  647  and  633  ns. 


In  another  study,  Ham  et  al20  demonstrated  that  the  rhesus  retina  is  eore  sensitive 
to  near  UV  than  to  441  nm  light  by  a  factor  of  six.  We  e1. posed  the  aphakic  eye  in  3 
monkeys  to  wavelengths  of  405,  380,  350  and  325  nm  as  produced  by  a  2500  W  xenon 
optical  source  with  quartz  optics  through  10  ne  band-pass  interference  filters. 

Exposure  durations  were  100  and  1000  s  and  the  retinal  spot  size  was  500  micrometers  in 
diameter.  Retinal  sensitivity  to  photic  damage  continues  to  increase  with  decreasing 
wavelength.  Ine  radiant  exposure  required  to  inflict  a  minimal  retinal  lesion  with  blue 

light  <441  no)  was  30  J-cm“2  as  compared  to  5  J-cm”2  for  350  and  325  nm  UV  radiation. 

The  histology  of  the  UV  lesions  are  discussed  in  Section  5.  These  findings  support  the 

previous  forebodings  of  several  authors  as  to  the  retinal  hazard  in  the  aphakic  eye. 

4.  HISTQPATHQLQSY  OF  THE  SLUE  LIGHT  LESION  IN  THE  MACAQUE  RETINft 

The  pathological  effects  of  blue  light  on  the  retina  have  been  controversial, 
investigators  differ  in  their  opinions  as  to  whether  the  initial  insult  involves  the 
photoreceptors  of  the  neural  retina  or  the  single  layer  of  epithelial  cells  comprising 
the  retinal  pigment  epithelium  (RPE).  The  confusion  has  been  augmented  by  the  tendency 
to  relate  the  blue  light  lesion  in  primates  to  the  syndrome  involving  the  loss  or 
destruction  of  the  photoreceptors  in  a'bino  rats  exposed  to  a  continuous  or  constant 
white  light  invironai,>nt.  Th«  lor.^-term  biological  endpoints  are  completely  different. 

In  the  albino  rat,  exposure  results  in  a  complete  loss  of  photoreceptors  with  resultant 
blindness,  Nccll32;  extended  exposure  of  tne  primate  retina  to  blue  light  leads  to 
hypopigaentation  of  the  RPE  and  an  appearance  which  bears  a  close  resemblance  to  the 
aging  retina,  Ham  et  allB. 

There  is  general  agreement  that  pnotic  damage  to  both  photoreceptors  and  RPE  occurs 
at  exposure  levels  to  Dlue  light  appreciably  above  thoss  required  to  produce  a  minimal 
lesion.  Moon  et  al1’,  demonstrated  a  loss  in  visur.l  acuity  in  rhesus  monkeys  exposed  to 
levels  of  blue  light  well  above  threshold.  Most  investigators  agree  that  damage  to  the 
outer  segments  (OS)  is  reparable  wi*h  time  so  lonn  as  the  photoreceptor  cells  are  not 
irreversibly  damaged]  and  even  the  loss  of  a  ftw  photoreceptor  cells  following  pyknosis 
Gf  a  few  nuclei  in  the  outer  nuclear  layer  (Q"L>  is  a  relatively  minor  injury  that  does 
not  affect  visual  function. 

The  distinction  as  to  the  initial  or  primary  site  of  photic  injury  is  extremely 
ioportant  because  it  can  provide  an  insight  into  the  long-term  chronic  effects  of  blue 
light.  Only  by  investigating  minimal  or  subm.nimal  lesions  after  extended  exposure 
<1000  s)  can  the  events  leading  up  to  lono-term  effect*  be  discovered.  Over  exposure 
obliterates  in  a  badly  damaged  matrix  of  tissue  the  rubtle  effects  of  phototoxicity. 
Extended  exposures  beyond  1,000-10.000  s  are  impractical  in  the  laboratory,  but 
repeated  exposures  on  a  daily  basis  to  monkeys  trained  *o  sit  in  a  chair  and  perform  a 
visual  task  for  a  reward  are  feasible.  Such  experiments  have  been  underway  since  1979 
in  our  laboratory  at  the  Hedical  College  of  Virg»ria. 

A  rhesus  monkey  was  exposed  PGnocularly  over  a  period  of  30  months  (608  exposures) 
on  a  daily  basis  <10^0  s  per  day,  5  days  per  week)  to  a  shert  wavelength  spectrun 
330-490  nm  provided  by  a  2500  M  xenon  lamp  with  quarts  optics  and  suitable  mi.rors  and 
filters,  Ham  et  al3-*,  The  corneal  irradiance  was  5  mW-cm-3;  estimated  radiant  exposure 
to  the  retina  was  8  J-cm-3  per  daily  exposure,  based  on  the  assurption  that  the  exposed 
eye  remained  fixed  on  tne  light  source.  In  reality,  both  the  exposed  eye  and  the 
unexposed  control  eye  were  coding  constantly.  Nevertheless,  the  image  sue  on  the 


retina  (1.2  mm  diaeeter)  Mas  large  enough  to  assure  an  appreciable  overlap  on  the 
eacular  area.  Periodic  examinations  Hith  the  fundus  caeera  revealed  no  startling 
changes  though  there  Mas  definite  evidence  of  depigeentaticn  in  the  teeporal ,  superior 
area  of  the  fundus.  Fluorescein  angiography  Mas  normal  in  both  eyes.  Histology  on  this 
anieal  Mas  negative  Mhen  sacrificed  after  608  exposures.  These  results  Mere 
inconclusive,  especially  as  there  Mas  some  doubt  as  to  Mhether  the  depigeented  area  Mas 
included  in  the  histological  exaaination.  It  should  be  noted  that  only  27X  of  the 
energy  in  the  330-490  ne  spectrum  penetrated  the  ocular  media  to  irradiate  the  retina. 
Wavelengths  shorter  than  400  na  Mere  absorbed,  primarily  by  the  lens.  When  the  lens  is 
removed  the  effects  on  the  retina  are  dramatic.  In  another  experiment  a  monkey  Mhose 
lens  had  been  extracted  surgically  mas  exposed  to  a  near  ultraviolet  spectrum,  330-420 
nm,  under  similar  conditions  to  those  above  except  that  the  corneal  irradiance  Mas  only 
66.5  microMatts'cm-2.  The  radiant  exposure  to  the  retina  Mas  estimated  to  be  1,1  J*cm-2 
per  daily  exposure.  This  animal  underwent  316  daily  exposures  before  sacrifice  for 
histology.  Early  on,  after  80  exposures,  fluorescein  angiography  had  disclosed  multiple 
focal  areas  of  depigmentation  in  the  RPE  of  the  superior  macula.  Funduscopic 
examination  before  sacrifice  showed  a  large  lesion  in  the  superior  paramacular  where  an 
edematous  area  had  been  observed  previously,  as  well  as  another  large  lesion  in  the 
temporal  macula;  also  numerous  small  depigeented  areas  in  the  superior  macula  and  what 
appeared  to  be  a  retinal  hole  in  the  periphery  at  about  ten  o'clock.  Histological 
examination  confirmed  these  in  vivo  findinas.  These  results  demonstrate  the  extreme 
sensitivity  of  the  primate  retina  to  repeated  small  exposures  of  near  ultraviolet 
light.  The  histological  findings  after  exposure  to  near  ultraviolet  radiation  are 
described  in  section  5. 

In  an  attempt  to  investigate  more  thoroughly  the  basic  mechanisms  leading  to  the 
blue  light  lesion,  Ham  et  al‘°  prepared  for  light  microscopy  and  electron 
ultrastructural  analysis  approximately  3000  sections  from  20  eyes  in  10  rhesus  monkeys 
exposed  to  blue  light  (441  nm)  at  levels  slightly  above  threshold.  Sections  were  taken 
at  postexposure  times  of  one  hour,  1,  2,  5-6,  10-11,  30,  60  and  90  days.  Experimental 
tiethods  and  procedures  are  given  in  the  publication.  In  what  follows,  the  histological 
'findings  are  discussed  in  some  detail. 

In  specimens  examined  one  hour  postaxposure  the  neural  retina,  RPE  and  choroid 
appeared  normal  with  the  exception  of  a  few  pyknotic  rod  nuclei  and  a  few  dense  cone 
ellipsoids.  Findings  were  similar  at  one  day  postexposure,  but  at  two  days  postexposure 
there  were  definite  changes  in  the  RPE  which  was  edematous  in  about  90X  of  the  exposed 
area  (1  mm  diem.).  The  most  characteristic  feature  of  the  lesion  was  a  pigmentary 
change  caused  by  the  agglutination  of  melanin  granules  which  produced  interstices  in 
the  curtain  of  melanin  granules  normally  found  in  the  apical  region  of  the  RPE.  A  few 
macrophages  containing  melanin  granules  were  present  in  the  subretinal  space.  This 
hypopigmentation  of  the  RPE  made  the  lesion  visible  f unduscopieal ly  far  the  first  time 
at  two  days  postexposure.  In  more  severe  lesions  the  choroid  was  involved  over  the 
central  50X  of  the  irradiated  area,  A  mild  choroidal  response  or  none  at  all  was  a 
common  finding  for  most  of  the  lesions  examined  histologically  at  two  days 
postexposure.  In  these  two-day  lesions  the  RPE  was  mildly  inflamed  but  the  cuter 
segments  (OS)  of  the  photoreceptors  were  not  grossly  damaged.  The  initial  lesion  Mas 
localised  predominatly  in  the  RPE  with  widespread  damage  and  possible  necrosis  of  some 
cells. 

Lesions  examined  at  5  and  6  days  postexposure  usually  showed  a  highly  inflamed  RPt, 
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often  with  cellular  proliferation  (eitotic  figures!  and  always  with  hypopigeentation. 
Several  aacrophages  loaded  with  aelanin  granules  were  now  visible  in  the  subretinal 
space.  For  the  first  tise  the  OS  setaed  to  be  disarranged  and  daaaged.  Cellular 
proliferation,  hypopigeentation  anu  aacrophages  in  the  subretinal  space  were  clearly 
visible.  The  08  showed  aild  disarrangeaent. 

By  10  to  11  days  postexposure  lesions  usually  showed  reaarkable  recovery.  The  RPE, 
while  hypopigaented,  had  returned  to  a  single  layer  of  cellsi  aacrophages  loaded  with 
aelanin  granules  persisted  in  the  subretinal  space,  but  the  OS  of  the  photoreceptors 
appeared  fairly  noraal.  At  30  days  post^xposure,  aost  lesions  showed  a  noraal  RPE 
except  for  hypopigeentation  and  the  continued  presence  of  aacrophages  in  the  subretinal 
space.  In  lesions  exaained  at  60  days  postexposure  the  aacrophages  had  disappeared  froa 
the  subretinal  space.  Except  for  hypopigeentation  the  RPE  and  neural  retina  appeared 
noraal.  The  saae  was  true  at  90  days  postexposure  except  that  the  hypopigeentation 
seeaed  less  evident,  .'roa  these  observations  it  would  appear  that  partial  to  alaost 
coaplete  recovery  had  occured  by  90  days  postexposure. 


The  characteristic  features  of  the  blue  light  lesion  as  outlined  above  closely 
reseeble  the  clinical  events  leading  to  solar  retinitis  and  eclipse  blindness  as  well 
as  to  the  syndroee  of  foveoaacular  retinitis  reviewed  by  Narlor4  and  the  pigaent 
degeneration  of  the  aacula  in  150  serviceaen  stationed  on  a  tropical  island  in  the 
Pacific,  Saith4.  The  recovery  phase  after  blue  light  exposure  is  siailar  to  the 
clinical  date  on  eclipse  gazing  reported  by  Penner  and  McNair34,  Mho  reported  recovery 
to  pre-expoeure  vision  in  59X  of  their  patients  at  six  aonths  postexposure.  Hatfield33 

reported  145  cases  of  solar, retinopathy  during  the  1970  eclipsei  45X  of  those  afflicted 
returned  to  noraal  vision.  Tso  and  La  Piana34  exposed  three  patients  scheduled  for 

enucleation  because  of  eelanoea  to  direct  sungazing  for  a  period  of  one  hour.  The  eyes 
sere  reeoved  38  to  48  hours  afler  exposure  ard  axailn'jd  histologically.  They  found 
varying  degrees  of  daeage  to  the  RPE  including  irregular  pigaentation,  necrotic  RPE 
cells  and  edeaa,  but  the  photoreceptor  cells  appeared  noraal.  The  vision  of  two 
patients  had  returned  to  preexposure  levels  before  their  eyes  Mere  enucleated. 


Noon  et  al14  acre  able  to  deaonstrate  that  the  photopathology  of  the  blue  light 
lesion  correlated  mcII  aith  aonocular  visual  acuity  tests  in  the  trained  rhesus  aonkey 
as  defined  by  the  Landolt  ring  technique.  Exposure  of  the  fovea  to  paraeacular 
threshold  levels  of  441  ne  light  (30  J*cs“3  in  1000  s)  did  not  ispair  vision,  but  60 
J*ce_*  in  the  fovea  produced  a  decline  in  20/20  vision  on  about  the  fifth  or  sixth  day 
postexposurei  the  visual  acuity  gradually  returned  to  noreal  at  30  days  postexpoeure. 

An  anieal  exposed  to  90  J-ca."3  in  the  fovea  lost  20/20  vision  pertinently.  When  this 
anisel  aaa  sacrificed  4  */2  years  later,  histological  exaaination  disclosed  plaque 
formation  in  the  RPE  sieilar  to  that  reported  by  Tso  and  Fine37  Ne  have  deeonstrated 
conclusively  in  the  rhesus  aonkey  that  solar  retinitis  is  caused  by  exposure  to  the 
blue  component  in  the  solar  spectrua,  Haa  et  al18.  All  these  data  support  the  thesis  of 
Young34  that  *soae  of  the  entities  in  the  current  nosology  of  retinal  disease  are 

radiation  diseases  provoked  or  aggravated  by  light . ■.  In  particular,  there  is  aaple 

reason  to  postulate  that  exposure  to  blue  light  plays  a  role  in  the  Irvine-Gass-Norton 
syndroae,  especially  after  the  investigation  of  Tso  and  Shih3*  regarding  the  pathology 
of  eacular  edeaa  following  lens  extraction  in  the  rhesus  eonkey  and  the  recent 
aeasureaents  of  retinal  light  exposure  froe  operation  aicroscopes  and  surgical  overhead 
laaps  aade  by  Calkins  and  Hoehheiaer34. 


13  - 


5.  N18T0PATH0L08V-QU1E_NEAR  ULTRAVIOLET  LESION.  IN  THE  HACAflUE  RETINA 


The  ocular  aedia,  especially  the  lens,  protact  tha  priaata  ratina  froa  short 
wavelength  light  and  naar  ultraviolat  (UV)  radiation,  but  this  protaction  is  largaly 
forfeited  whan  the?  Ians  is  raaovad.  Sinca  ovar  575,000  cataract  oparations  were 
perforaed  in  tha  Unitsd  States  in  1983,  Hauaanaa40,  tha  quastion  arisas  as  to  Mhathar 
blue  light  and  naar  UV  radiation  constitute  a  hazard  for  tha  aphakic  aya.  He  have  shown 
(Section  3)  that  the  rhesus  ratina  is  six  tiaes  sore  sensitive  to  naar  UV  radiation 
than  to  blue  light.  The  radiant  exposure  required  to  produce  a  ainiaal  lesion  was 
approxiaately  5  J*ce-2  for  a  100  or  1000  s  exposure  to  350  and  325  na,  as  contrasted 
with  30  J*ca~2  for  441  na  blue  light.  Histological  data  is  available  now  to  daaonstrate 
that  naar  UV  lesions  differ  froa  blue  light  lesions  in  several  iaportant  respects,  Haa 
at  al41.  The  UV  lesion  is  f unduscopical 1 y  visible  iaaediataly  after  exposure  as 
contrasted  to  a  latent  period  of  48  hours  before  a  ainiaal  blue  light  lesion  appears, 
and  the  photoreceptors  as  well  as  the  RPE  are  dasaged,  particularly  the  cone  ellipsoids 
which  appear  to  be  especially  vulnerable,  probably  because  of  absorption  by  tha 
aetallof lavoproteins  and  cytochroaes  in  the  aitochondria.  Rhodopsin  and  the  cone 
photopigaents  have  strong  absorption  peaks  in  the  naar  UV  that  also  aay  account  for  tha 
sensitivity  of  the  photoreceptors.  In  both  types  of  exposure  (blue  light  and  naar  UV) 
daaage  to  the  RPE  plays  an  iaportant  and  siailar  role. 

Only  one  aphakic  eye  in  a  rhesus  aonkay  was  available  for  histological  analysis. 
This  eye  was  exposed  to  5.5  J*ca~2  of  350  na  radiation  in  100  s  on  a  retinal  spot  size 
of  about  500  aicroaeters.  All  exposures  ware  paraaacular  and  scheduled  so  that  at 
sacrifice  lesions  could  be  exaainad  at  postexposure  tiaes  of  2,  5,  10  and  30  days.  It 
was  apparent  at  two  days  postexposure  that  the  QS  of  the  photoreceptors  were  daaaged,  a 
finding  in  direct  contrast  with  a  blue  light  lesion  where  the  photoreceptors  are 
virtually  intact.  There  was  aild  daaage  and  soae  depigaantation  in  tha  RPE.  The  priaary 
focus  of  daaage  was  the  OS  of  tha  photoreceptors  and  possibly  just  perceptible  thinning 
of  the  nuclei  in  the  outer  nuclear  layer  (0NL).  At  5  days  postexposure  there  was 
obvious  daaage  to  the  photoreceptors,  especially  the  OS,  and  soae  daaage  to  the  nuclei 
in  the  0NL.  The  RPE  was  also  involved  with  aild  derangeaent  aaong  the  aelanin  granules. 
Daaage  is  confined  aainly^  however,  to  the  photoreceptor  calls  of  tha  neural  retina. 

In  one  lesion  at  5  days  postexposure  the  photoreceptors  are  severely  daaaged) 
within  a  saall  area  the  entire  photoreceptor  population  including  the  ONL  has 
disappeared.  Below  the  daaaged  area  and  resting  on  Bruch's  aeabraie  is  a  cluap  of 
aelanin  granules.  Toward  the  left  of  the  daaaged  area  the  RPE  and  neural  retina  appear 
reasonably  noraal.  It  is  difficult  to  explain  this  highly  localized  daaage.  Perhaps  it 
is  due  to  refractive  errors  producing  focal  hot  spots  at  these  short  wavelengths.  In 
any  event,  it  deaonstrates  that  near  UV  radiation  is  lethal  to  photoreceptor  cells,  a 
phenoeenon  which  is  not  apparent  with  blue  light  at  threshold  levels. 

The  histological  data  to  date  indicate  that  near  UV  radiation  attacks  both  the 
photoreceptor  cells  of  the  neural  retina  and  the  RPE,  but  that  the  prieary  effect  is 
the  destruction  of  the  photoreceptor  cells,  especially  the  cones.  Presuwably,  radiant 
exposures  well  above  threshold  would  result  in  a  wassive  loss  of  photoreceptor  cells 
and  irrepart4l «  daaage  to  the  retina. 

Calculations  based  on  an  estiaated  radiance  f r or,  sun  and  sky  of  1  aH*ca‘a*ster_  1 
for  the  near  UV,  a  pupillary  diaaeter  of  2.5  aa,  and  a  transai ttance  for  the  aphakic 
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eye  of  0.5  yield  a  retinal  irradianct  of  about  8.5  aierowattfee*2,  Exposure  for  three 
hours  on  a  bright  sunny  day  at  sea  level  Mould  give  a  radiant  exposure  of  92  aJ*ca~2 
uhich  is  far  belou  the  threshold  of  5  J*cs"2  for  retinal  daeage  in  the  rhesus  eonkey. 
Even  if  no  repair  processes  Mere  operative  in  the  retina,  it  Mould  require  about  54 
repetitive  daily  exposures  to  accuaulate  a  radiant  exposure  of  5  J*ca-2,  While  these 
calculations  say  be  reassuring,  it  is  also  prudent  to  assuse  that  near  UV  exposures  aay 
be  partly  cueulative.  For  exaaple,  the  loss  of  a  feu  photoreceptors  daily  Mould  go 
unnoticed  but  over  a  period  of  years  the  depletion  in  photoreceptor  population  Mould 
lead  to  serious  consequences.  Also,  it  is  isportant  to  realize  that  reeoval  of  the  lens 
increases  the  retinal  exposure  to  blue  light.  The  tresendous  preponderance  of  blue 
light  over  near  UV  radiation  in  the  solar  spectrus  aore  than  coapensates  for  the 
toxicity  ratio  of  6  to  1  for  near  UV  vs  blue  light.  Transaittance  of  the  aphakic  eye  to 
the  bandaidth  400-500  na  is  about  0.7.  Nothing  is  knoMn  about  possible  synergistic 
effects  of  short  uavelength  light  and  near  UV  radiation. 

6.  A6INB  AND  DE6ENERATIVE  EFFECTS  IN  THE  RETINAL  PIBHENT  EPITHELIUM  (RPE)  FROM  CHRONIC 
EXPOSURE  TO  L1BHT 

Young26  has  proposed  a  theory  of  central  retinal  disease  based  upon  long-tera 
chronic  exposure  of  the  fovea  to  light.  In  his  Mords,  “Perhaps  soae  of  the  entities  in 
the  current  nosology  of  retinal  disease  are  diseases  provoked  or  aggravated  by 
light....*,  and  "Analysis  reveals  that  it  is  possible  to  develop  a  theory  Mhich 
accounts  for  the  pathogenesis  of  aany  fores  of  retinal  degenerative  disease,  and 
provides  a  rational  basis  for  prevention  and  treataent*.  He  cites  a  large  nueber  of 
eepirical  facts  uhich  are  substantiated  by  nueerous  references  to  the  literature.  It  is 
a  convincing  thesis,  Hell  docueented  and  augeented  by  scholarly  research.  Particularly 
iapressive  is  the  relationship  between  long  tera  radiation  exposure  and  degenerative  or 
aging  effc-ts  on  the  retinal  these  correlate  Hell  with  the  observations  of  Soith4,  Has 

et  al*B,  and  Tso  and  Fine37  concerning  hypopigaentation  of  the  RPE,  serous  detachaent 
of  the  RPE,  aacular  edeaa  and  age-related  eacular  degeneration  (AND). 

The  concept  that  long-tera,  chronic  exposure  to  sunlight  is  a  contributing  factor 
to  aging  of  the  retina  and  age-related  aacular  degeneration  (AND),  is  not  new)  van  der 
Hoeve42  in  1920  supported  a  siailar  thesis.  The  aging  of  the  retina,  particularly  in 
the  aacular  region,  is  intiaately  associated  with  the  gradual  accuaulation  of  debris 
(residual  bodies,  lipofuscin,  aelanolysosoaes  and  aelanolipofuscin)  in  the  RPE, 

Feeney-Burns43,  Ham‘B,  Young44  has  reviewed  the  clinical  and  hi stopathnlogi cal  features 
of  AND.  In  his  words,  “Kany  of  the  features  of  AND  can  be  attributed  to  tne  progressive 
deterioration  of  the  retinal  pigeent  epitheliua.  It  is  proposed  that  this  deter i orati on 
arises  priaarily  froa  iaperfections  in  aetabolic  processes  concerned  with  intracelluar 
renewal-the  incessant  replacement  of  the  cells'  aolecular  constituents.  In  particular, 
inefficiency  of  the  cells'  digestive  apparatus  seeas  to  play  a  priaary  role  in  setting 
off  a  complex  sequence  of  events  involving  residual  bodies,  alteration  of  Bruch's 
aeabrane,  drusen,  basal  laainar  deposits  and  pigaentary  disturbances.  Two  Major 
character istics  of  AND  which  reaain  unexplained  by  this  hypothesis  -  The  central 
location  of  the  lesion  and  the  protective  effect  of  ocular  pigmentation  -  can  be 
accounted  for  by  postulating  a  role  for  the  damaging  effects  of  radiant  energy  in  the 
etiol ogy  of  AND.  * 

The  Division  of  Risk  Assessment,  National  Center  for  Devices  and  Radiological 
Health  of  the  Food  and  Drug  Administration  sponsored  a  Workshop  on  ’Long-Term  Visual 
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Health  and  Optical  Radiation*  in  September  1983.  Seven  working  groups  were  established 
to  identify  and  define  specific  long-tere  visual  problees  that  could  be  induced  by 
optical  radiation.  The  Retinal  Pigeent  Epithelial  Working  Group,  chaired  by  Hae29, 
specifically  considered  aging  and  its  possible  relationship  to  light  daeage  to  the 
retina.  There  is  convincing  evidence  suggesting  that  both  acute  exposure  (eclipse 
blindness  and  sun  gazing)  and  long-tere  chronic  exposure  to  sunlight  causes  a 
photocheaical  type  of  eaculopathy  in  both  hueans  and  non-huean  prieates  that  is  closely 
related,  if  not  identical,  to  the  blue  light  lesion.  Whether  long-tere  exposure  to 
short  wavelength  light  and  near  ultraviolet  radiation  can  be  related  t.o  aging  of  the 
RPE  and  AND  reaains  questionable  but  there  are  several  reasons  for  believing  that  such 
a  relationship  exists.  For  exaeple,  a  significant  feature  of  blue  light  daeage  in  the 
prieate  retina  is  the  loss  of  eelanin  granules,  suggesting  an  increase  in  the  foreation 
of  coeplex  granules  (aelanolysososes  It  eelanolipofuscin)  and  an  acceleration  of  the 
depigeentation  process  that  accoepanies  aging.  It  cakes  sense  to  postulate  that  light 
exposure  increases  the  phagocytic  role  of  the  RPE,  producing  wore  lipofuscin  and 
coeplex  granules  with  extrusion  of  debris  onto  Bruch's  eeebrane.  For  exaeple,  in  the 
rhesus  eonkey  each  retinal  rod  produces  80  to  90  disks  per  day}  the  OS  is  replaced 
every  9  to  13  days.  Thus,  each  RPE  cell  oust  ph&gocytize  and  digest  approxieately  3000 
disks  per  day.  As  Feeney49  has  eephasized,  "The  pigeent  epithelial  cell  Bust  have  a 
highly  developed  phagocytic-lysoeal  systee  in  order  to  digest  these  enoreous  aeounts  of 
exogenous  eaterial  daily  for  70  or  core  years".  Again  in  Young's44  words,  "  The 
senescent  changes  are  centered  on  the  eacula,  where  the  intensity  of  radiation  appears 
to  be  the  greatest.  Accueulation  of  lipofuscin  in  the  pigeent  epitheliue  begins  in 
childhood.  Several  decades  later,  the  cells  are  filled  to  overflowing  with  the  reenants 
of  failing  eolecular  renewal,  despite  abortive  atteepts  to  clear  the  cytoplase  of 
debris  by  extruding  it  onto  Bruch's  eeebrane."  While  the  evidence  that  chronic  blue 
light  exposure  is  a  contributing  agent  in  the  aging  and  degeneration  of  the  earula  is 
not  conclusive,  it  is  suggestive  enough  to  warrant  recoeeending  that  the  public  wear 
protective  yellow  filters  or  sunglasses  during  exposure  tD  bright  light  and  near 
ultraviolet  optical  radiation.  Such  filters  are  hareless  and  eay  slow  down  the  aging 
process  in  both  the  retina  and  the  lens. 

Ueiter  et  al4T  in  a  study  of  the  relationship  of  senile  aacular  degeneration  to 
ocular  pigmentation  conclude  with  the  statement,  "The  strong  association  between  ocular 
eelanin  and  both  senile  aacular  degeneration  and  lipofuscin  in  the  retinal  pigeent 
epithelium  suggests  a  role  for  light  damage  in  the  eye  and  offers  possibilities  for 
research  to  prevent  this  important  cause  of  blindness  in  our  population". 

A  workshop  of  ocular  safety  and  eye  care  was  held  at  the  Duke  Eye  Center  under  the 
auspices  of  the  National  Research  Council,  Committee  on  Vision,  Wolbarsht48.  Members  of 
the  workshop  explored  potential  ocular  hazards  from  radiation  emitted  by  ophthalmic 
instruments  currently  in  use.  It  was  recommended  that  "in  general,  instruments  be 
designed  to  minimize  the  amount  of  ultraviolet  and  infrared  radiation.  Especially, 
chronic  exposure  to  emission  in  the  blue  end  of  the  spectrum  should  be  reduced  as  far 
as  possible  to  avoid  photochemical  damage  to  the  retina.  This  ’blue  light'  retinal 
hazard  of  any  instrumentation  may  be  evaluated  by  using  guidelines  as  the  proposed 
Threshold  Limit  Values  (TLVs)  of  the  American  Conference  of  Governmental  Industrial 
Hygienists",  (ACG1H  1979).  A  table  is  given  which  estimates  the  retinal  hazard  of 
chronic  exposure  to  different  wavelengths  relative  to  435-440  nm,  judged  to  be  the  most 
dangerous  visible  wavelengths. 
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7.  BEBET1T1VEJ)AILT_EXPQSURES--TQ_THE-  SAME  SITE  IN  THE  RETINA  OF  THE  HACA8UE  HONKEV  ftT 
WftVELENBTHS  440.  475  AND  533  na 

We  have  investigated  the  cumulative  or  additive  effect  of  repetitive  light 
exposures  to  the  saae  site  on  the  macaque  retina.  The  retinae  of  3  eonkeys  (3  eyes) 
were  subjected  to  daily  radiant  exposures  of  1000  second  duration  and  500  aicroeeter 
spot  disaster  for  21  consecutive  days  at  each  of  three  wavelengths,  440,  475  and  533 
na.  The  optical  source  was  a  2500  U  xenon  laap  equipped  with  quartz  optics  and  10  na 
interference  filters  peaked  at  440,  475  and  533  na.  Initially  a  threshold  radiant 
exposure  in  J’ca**  mss  determined  in  the  other  eye  of  each  aniaal  using  the 
interpolation  technique  and  the  saae  paraaeters  as  above,  i.e.  exposure  ties,  spot  size 
and  wavelength.  The  criterion  for  a  threshold  lesion  froa  a  single  exposure  was  the 
appearance  of  a  ainiaal  lesion  at  4S  hours  postexposure  as  seen  with  the  fundus  caaera. 
The  other  eye  of  each  aniaal  was  used  for  repetitive  daily  exposures  to  the  saae  site 
at  50,  40,  30,  20  and  10X  of  threshold  for  a  single  exposure  at  each  wavelength.  In  a 
given  eye,  accordingly,  there  were  5  retinal  sites  for  each  wavelength  or  a  total  of  15 
retinal  sites.  All  retinal  sites  were  in  the  paramacular  area.  They  consisted  of  a 
parallel,  horizontal  row  for  each  wavelangth,  either  above  or  below  the  macula  and 
these  were  varied  in  each  aniaal. 

Results  are  shown  in  Table  1  where  the  daily  repetitive  radiant  exposures  in  J*ca~2 
are  listed  for  each  wavelength  according  to  the  nuebor  of  exposures  required  to  produce 
a  ainiaal  threshold  lesion  at  24  hours  postexposure.  At  440  na,  three  animals  underwent 
the  repetitive  exposure  protocol.  The  *C'  monkey  was  removed  froa  the  experiaents  after 
5  days  because  of  a  corneal  opacity  froa  an  unfortunate  blunder  by  the  aniaal 
caretaker,  but  the  other  two  monkeys  received  20  and  21  repetitive  exposures  to  440  na 
respectively.  In  the  ’A’  monkey  17  exposures  to  6  J*ca"*  produced  a  lesion  but  21 
exposures  to  3  3-ca-2  did  not.  The  ‘B*  monkey  showed  threshold  lesions  after  14 
exposures  to  5.6  J*ca-2  and  after  20  exposures  to  2.8  J-ce-*,  This  demonstrates  that 
the  cumulative  effect  of  daily  exposures  to  subthreshold  amounts  of  440  na  light  can 
daaage  the  priaate  retina  and  suggests  that  some  of  the  photochemical  effects  of  light 
toxicity  are  irreversible  even  at  radiant  exposures  well  below  the  threshold  level.  The 
animals  exposed  to  475  and  533  na  light  did  not  develop  visible  lesions  for  repetitive 
daily  exposures  at  levels  less  than  30X  of  threshold  of  the  single  exposure,  even 
though  they  received  21  daily  exposures  to  approxiaately  19  and  60  J*ca~s  for  total 
radiant  exposures  of  399  and  1260  J*ce_a  respectively.  Froa  Table  1  it  can  be  seen  that 
in  aonkey  'A',  3  exposures  to  12  J*ce~a  of  440  na  light  produced  a  lesion  while  3 
exposures  to  47.3  J*ca_a  of  475  na  light  were  required  to  produce  a  lesion  j  similarly, 
aonkey  ‘B‘  required  3  exposures  to  11  and  46.2  J-ce“a  respectively  for  these  two 
wavelengths.  Wavelength  440  na  is  about  4  tiaes  more  toxic  than  475  na.  When  440  na 
light  is  compared  to  533  na  the  toxicity  ratio  is  about  17.  However,  this  type  of 
comparison  is  not  entirely  valid  since  different  mechanisms  are  involved  at  different 
wavelengths.  Nevertheless,  these  experiaents  illustrate  the  extreme  sensitivity  of  the 
priaate  retina  to  the  blue  end  of  the  visible  spectrue. 
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Tiblt  1 


Radiant  txpoture  in  J'ca*2  p*r  txpoture  for  Mavvlingthi  440,  475, and 
533  na  va  nuabcr  of  ixpoturei  rtquirtd  to  product  a  ainiaal  lotion  in 
tho  aacaqut  rotina  for  3  tytt  in  aniaalt  dttignated  (a),(b)  and  (c). 
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8.  MESIIimfiM  OF  BASIC  HECHAHISHS  LEftDINS  TO  PHOTOCHEMICAL  LIBHT  DAHA6E 


Actinic  or  photochemical  injury  to  the  retina  begins  at  wavelengths  below 
approximately  550  r«m  from  retinal  irradiance  levels  too  low  to  produce  appreciable 
temperature  rises,  Ham  et  al30.  The  transition  from  thermal  to  actinic  damage  as 
wavelength  decreases  is  gradual  with  an  ill-defined  mixture  of  both  types  of  insult 
through  the  range  550-500  ne.  Below  500  ns,  photochemical  effects  predominate.  Because 
chemical  reactions  are  a  strong  function  of  temperature  there  is  a  region  of  thermally 
enhanced  photochemical  reactions  bridging  the  gap  between  predominately  thermal  and 
predominately  photochemical  events. 

The  basic  mechanisms  leading  to  photochemical  effects  in  the  retina  are  not  known, 
yet  there  is  no  scarcity  of  deleterious  reactions  in  photobiology  which  might  play  a 
role  and  there  is  little  experimental  evidence  to  single  out  a  specific  reaction  to  the 
exclusion  of  others.  The  mammalian  retina  is  unique  among  body  tissues  in  that  light  is 
focussed  directly  on  a  group  of  cells  which  are  highly  oxygenated.  According  to  Parver 
et  al4*  the  choroidal  circulation  accounts  for  85X  of  all  ocular  blood  flow.  Per  gran 
of  tissue  the  choroid  has  four  times  the  volume  of  blood  found  in  the  renal  cortex  and 
is  structured  so  that  a  dense  matrix  of  small  blood  vessels  with  a  large  surface  area 
is  immediately  adjacent  to  the  RPE  and  the  outer  layers  of  the  neural  retina.  Parver 
has  shown  that  the  choroidal  circulation  plays  a  key  role  in  dissipating  the  heat 
generated  by  the  absorption  of  light  in  the  RPE  and  the  choroid.  Choroidal  circulation 
is  unusual  in  having  a  very  low  arteriovenous  oxygen  differential  (approximately  5X) , 
suggesting  that  this  high  flow  characteristic  may  serve  purposes  above  and  beyond 
supplying  metabolites  and  oxygen,  i.e.  a  heat  dissipating  mechanism  for  the  macula.  The 
presence  of  numerous  large  mitochondria  in  the  ellipsoid  of  the  photoreceptor  cell 
demonstrates  how  dependent  the  retina  is  on  oxygen.  Indeed,  the  photoreceptor  and  RPE 
cells  are  among  the  most  metabolically  active  cells  in  the  body. 

Either  light  or  oxygen  individually  can  damage  cells.  The  retina  would  be  subject 
to  oxygen  toxicity  even  without  light  but  the  combination  of  the  two  greatly  enhances 
the  probability  of  deleterious  reactions.  Thus,  nature's  dilemma,  light  is  essential 
for  vision  but  light  is  toxici  oxygen  is  essential  for  life  but  oxygen  is  also  toxic. 
Fridovich00  has  pointed  out  that  all  respiring  organisms  survive  by  virtue  of 
maintaining  a  delicate  balance  between  their  energy  requirements  as  obtained  by  the 
reduction  of  oxygen  to  water  and  the  toxic  effects  engendered  in  tissue  by  the  free 
radicals  produced  during  these  catabolic  processes. 

Photochemical  reactions  are  initiated  by  photons  of  light  (h  )  exciting  a  molecular 
sensitizer,  < S > ,  to  form  an  initially  excited  electronic  state,  the  singlet  state,  *S, 
which  has  a  very  short  lifetime  (<10‘°s).  There  are  three  major  ways  in  which  the 
molecule  l5  can  dissipate  its  quantum  of  absorbed  energy*  by  reaction  with  a  solvent, 
usually  water)  by  emission  of  a  photon  (fluorescence);  or  by  a  radiationless  transition 
or  crossing-over  to  a  triplet  or  aetastable  state  3S  which  has  a  much  longer  lifetime 
than  *S  and  therefore  has  more  time  to  react  with  other  molecules.  The  triplet  state  3S 
is  believed  to  be  the  pathway  leading  to  most  photochemical  reactions.  The  most 
effective  sensitizers  are  those  which  yield  a  long-life  triplet  state  in  high  quantum 
yield,  Foots01,  The  retina  has  molecular  species  which  could  serve  as  photosensitizers. 
Examples  are  hematoporphyr i ns,  flavins  and  aromatic  hydrocarbons  which  are  distributed 
ubiquitously  throughout  eawaalian  tissue.  These  are  among  the  many  chromophores  which 
can  absorb  visible  or  near  UV  radiation  to  become  sensitizers  leading  to  photochemical 
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reaction!.  In  addition  to  endogenous  sensitizers  account  oust  also  be  taken  of 
exogenous  substances  which  can  also  act  as  chroeophores,  e.g.  certain  drugs,  foods, 
dyes,  etc. 

There  are  two  sajor  types  of  photocheaical  reactions  designated  as  Type  I  and  Type 
II.  In  Type  I,  the  redox  reactions  do  not  involve  oxygen  and  3S  reacts  directly  with 
the  substrate  to  produce  cellular  daaage.  In  Type  II  reactions,  usually  called 
photodynasic  reactions,  3S  reacts  directly  with  aolecular  oxygen  to  produce  either 
excited  singlet  oxygen, *02,  or  the  superoxide  anion  radical  01.  In  either  Type  I  or 
Type  II,  the  net  result  is  the  production  of  active  free  radicals  which  can  attack 
other  Molecules.  According  to  Foote81,  the  Majority  of  Type  II  processes  involve 
singlet  oxygen  as  the  prisary  reactive  species. 

Molecular  oxygen  has  two  unpaired  electrons  with  parallel  spins  in  the  triplet 
ground  state,  302.  To  react  with  other  aolecules  one  electron  spin  requires  inversion. 
Spin  inversion  is  a  slow  process  in  cosparison  to  the  lifetiae  between  aolecular 
collisions.  Because  of  spin  restriction,  802  is  not  as  highly  reactive  a  aolecule  as 
singlet  oxygen.  Excitation  of  302  to  singlet  oxygen  102  results  in  a  spin  inversion  so 
that  102  becoaes  a  very  reactive  aolecule,  especially  for  the  lipid  peroxidation  of 
polyunsaturated  fatty  acids,  PUFA.  Singlet  oxygen  has  a  half-life  in  water  of  3.3 
aicroseconds,  Rogers82,  and  an  excitation  energy  of  22  kcal  or  0.98  eV  corresponding  to 
a  photon  wavelength  of  1270  na,  Fridovich80,  Foote  et  al83. 

The  reduction  of  oxygen  to  water  requires  the  reaoval  of  4  electrons.  Oxygen  is 
toxic,  not  because  of  its  own  reactivity,  but  because  its  reduction  to  Nater  tends  to 
favor  (because  of  the  spin  restriction)  a  series  of  univalent  single  electron  transfers 
which  generate  superoxide  radical  0J,  hydrogen  peroxide  Ha0a  and  hydroxyl  radical  0M-. 
The  latter  is  the  aost  potent  oxidant  known.  It  is  aainly  these  interaediates  that 
cause  oxygen  toxicity.  Most  of  the  oxygen  reduction  in  respiring  cells  proceed  by 
pathways  which  are  directly  aultivalent.  Thus,  cytochroae  c  oxidase,  which  accounts  for 
aost  of  the  oxygen  consuaption  by  aerobes,  produces  HaO  tetravalentl y  without  the 
interaediate  production  of  radicals.  This  enzyae  represents  the  cell's  first  line  of 
defense  again  oxygen  toxicity.  There  are  also  flavin-containing  enzyaes  which  perfora 
the  divalent  reduction  of  30a  to  H=0.  Such  enzyaes  also  represent  part  of  the  cell's 
defense  against  oxygen  toxicity  since  they  skip  the  univalent  reduction  of  oxygen  which 
produces  superoxide  anion  and  hydrogen  peroxide. 

However,  recent  research  has  shown  that  there  are  nuaerous  spontaneous  oxidations 
as  well  as  enzyaatic  oxidations  in  biological  systeas  which  can  generate  free  radicals, 
Freeaan84,  For  exaaple,  the  autooxidation  of  epinephrine,  leucoflavin,  hydroqui nones 
and  heaoglobin  are  known  to  generate  superoxide  anion.  Mitochondria  and  phagocytic 
cells  have  been  shown  to  produce  0j.  Babior  et  al88  have  deaonstrated  that  during 
phagocytosis  granulocytes  show  an  increased  production  of  0a.  They  were  aaong  the  first 
to  suggest  that  superoxide  way  be  a  bactericidal  agent.  There  is  no  cell  in  the  body 
with  greater  powers  of  phagocytosis  than  the  RPE  cell,  one  of  whose  sajor  functions  is 
the  digestion  of  outer  segsents  which  have  been  discarded  by  the  rods  and  cones.  Part 
of  the  digestive  process  say  involve  the  oxygen  radicals  and  Singlet  oxygen.  The 
spontaneous  generation  of  free  radicals  by  Metabolic  processes  in  living  systeas  is 
thought  tc  be  a  sajor  cause  of  aging,  Tappel8*,  Feeney  and  Beraan8*,  Haraan88  and 
Cutler8’*, 
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Whenever  suptroxidm  anion  radical}  03,  ia  generated  in  aqueous  aedia,  hydrogen 
peroxide,  H2Da,  ia  alto  produced.  This  it  because  muperoxide  it  not  stable  and 
diseutates  spontaneously  to  s02  and  H2Q2  .  The  presence  in  solution  of  both  30a  and 
H203  can  also  result  in  the  production  of  the  powerful  hydroxyl  radical  OH*  under 
special  circumstances  when  iron  salts  are  present,  Fridovitch*0.  The  OH*  radical 
indiscriminately  attacks  all  organic  compounds  while  singlet  oxygen  preferentially 
attacks  carbon-carbon  double  bonds.  Singlet  oxygen  is  the  major  product  of  Type  II 
photodynaaical  reactions.  Thus  the  combination  of  oxygen  and  light  in  the  retina  can 
produce  a  quartet  of  toxic  poisons,  i.e.  0|,  Ha02,  OH*  and  *02. 

9.  PROTECTIVE  HECHftNISHS  AGAINST  PHOTQCHEHICAL  LISHT  DAHftSE  IN  THE  RETIHfl 

It  seems  obvious  that  cells  which  utilize  both  light  and  oxygen  must  have 
protective  mechanises  to  minimize  the  production  of  toxic  substances  and  also  to 
scavenge  effectively  those  whose  production  cannot  be  avoided.  Those  enzyme  systems 
which  reduce  oxygen  to  water  by  tetravalent  or  divalent  pathways  represent  one  type  of 
defense  system.  The  recent  recognition  that  cells,  pa.‘‘ *r<>iar]y  the  RPE  cell,  are 
constantly  digesting  their  own  cytoplasmic  contituents  and  synthesizing  new  molecules 
to  replace  them  represents  another  defense  system,  Young  and  Bok*1.  This  process  of 
molecular  turnover  or  renewal  provides  the  cell  with  a  powerful  tool  for  combating  the 
damage  caused  by  toxic  substances.  Enzymatic  repai **  systems  like  the  well  known  DNA 
repair  enzymes  constitute  still  another  method  of  defense  against  damage  from  free 
radicals.  The  photoreceptor  cells  have  developed  a  unique  defense  against  the 
peroxidation  of  the  PUFA'S  which  are  the  major  fatty  acid  constituents  of  the  outer 
segments.  Both  rods  and  cones  renew  their  outer  segments,  rods  at  a  daily  rate  of  10X 
while  cones  have  a  lower  but  appreciable  turnover  rate.  The  apical  tips  of  the  rod 
outer  segments  represent  those  disks  which  have  been  exposed  the  longest  to  the 
deleterious  effects  of  light  and  oxygen  and  it  is  those  tips  (sometimes  100  disks  or 
more)  that  are  pinched  off  and  phagocytized  by  the  RPE. 

In  addition  to  the  defense  systems  listed  abovt,  cells  have  very  specific 
mechanisms,  enzymes  and  antioxidants,  to  scavenge  radicals  and/or  inhibit  their  action 
on  susceptible  structures,  notably  membranes.  One  such  mechanism  involves  superoxide 
dismutase  (SOD),  an  enzyme  that  catalyses  by  dismutation  the  conversion  of  03  to  H3Q3 
and  303,  Altogether,  there  are  four  different  kinds  of  SOD.  One  of  these  is  found  in 
the  cytosol  of  mammalian  cells.  It  contains  both  copper  and  zinc  and  has  a  molecular 
weight  of  32,000.  This  enzyme  has  been  isolated  from  a  wide  variety  of  eukaryotic  cells 
including  those  from  humans,  cows,  chickens,  yeast  and  bread  mold.  Another  superoxide 
dismutase  containing  manganese  is  found  in  mitochondria.  The  other  two  types  are 
bacterial  in  origin  and  do  not  occur  in  eukaryotic  cells.  It  is  interesting  to  note 
that  the  striking  similarities  in  the  amino  acid  sequences  between  bacterial  and 
mitochondrial  superoxide  dismutases  provide  biochemical  evidence  on  the  evolution  of 
unique  dismutases  by  prokaryotes  -'nd  protooukaryotss  during  the  period  when  the  blue 
green  algae  transformed  the  earth's  atmosphere  from  anaerobic  to  aerobic. 

Biochemically,  man  bears  close  kin  to  E.  Col i ! 

While  SOD  does  protect  the  cell  from  superoxide  anion  radical,  in  so  doing  it 
produces  H303*  Hydrogen  peroxide  is  also  generated  by  the  divalent  reduction  of  oxygen 
to  water  and  by  some  photochemical  reactions;  it  also  is  toxic  to  the  cell  and  in  the 
presence  of  Fe**  and  50a  can  generate  the  extremely  reactive  hydroxyl  radical.  There 
are  two  classes  of  related  enzymes,  the  catalases  and  the  peroxidases,  that  catalyze 
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the  divalent  reduction  of  H2D2  to  water  and  oxygen.  The  catalases  are  found 
predominately  in  liver,  kidney  and  red  blood  cells.  They  can  reduce  H202  to  water 
directly  without  the  aid  of  an  electron  donor.  Mo*t  tissues  need  little  catalase 
because  the  circulating  blood  can  remove  and  decompose  the  K2q2  excreted  by  those 
tissues.  An  important  function  of  the  choriocapillans  e ay  be  tfc*  reeoval  of  H202 
generated  in  the  outer  retina,  RPE  and  choroid  by  the  combined  cctions  of  light  and 
oxygen.  Peroxidases  acting  on  H202  require  a  ..o-substrate  or  hydrogen  donor  such  as 
gluathione  or  ascorbic  acid.  Glutathione  peroxidase  is  a  aeleno-enzyme  which  is  widely 
distributed  in  mammalian  cells,  e.g.  leucocytes,  mammary,  thyroid,  salivary  glands  and 
RPE,  Feeney  and  Berman07,  Glutathione  peroxidase  is  effective  at  low  concentrations  of 
H2G2  ind  can  act  also  upon  a  wide  range  0+  hydroperoxides  by  converting  thee  to 
harmless  hydroxy  fatty  acids. 

The  dismutases,  catalases  and  peroxidases  protect  the  cell  from  superoxide  anion 
radical  and  hydrogen  peroxide  but  do  little  to  inhibit  singlet  oxygen,  the  major 
product  of  Type  II  photochemical  reactions.  Delsitdle*2  has  proposed  that  light  damage 
to  the  retina  could  be  due  in  part  to  photosensitized  reactions  involving  singlet 
cxygen.  Direct  proof  of  the  photosensitized  formation  of  singlet  oxygen  in  aqueous 
media  is  difficult  but  indirect  evidence  definitively  supports  the  role  of  singlet 
oxygen  in  many  solution  photooxidations.  Proteins,  polypeptides  and  individual  amino 
acids  affected  are  methionine,  histidine,  tryptophane,  tyrosine  and  cysteine  either  in 
the  free  state  or  in  peptides.  The,  e  is  no  breaking  of  peptide  or  disulfide  bonds  but 
there  is  loss  of  conformation  which  can  lead  to  inactivation  of  many  enzymes.  However, 
the  most  destructive  role  of  singlet  oxygen  is  the  peroxidation  of  the  polyunsaturated 
lipids  which  represent  the  main  constituents  of  membrane  structure.  Antioxidants  supply 
the  cell's  main  line  of  defense  agaif,..,.  lipid  peroxidation  of  membranes.  Foremost  among 
naturally  occuring  antioxidants  is  vitamin  E,  which  is  distributed  throughout  mammalian 
cells.  Lipid  peroxidation  can  be  a  chain  reaction  in  membranes,  Barber  and  Bernheim63. 
It  is  the  nature  of  chain  reactions  that  a  single  initiating  event  propagates  itself  to 
adjacent  molecules  in  the  membrane  in  a  domino-like  process  which  is  called 
autooxidation.  Vitamin  E  or  alpha-tocopherol  is  able  to  intercept  or  terminate  the 
autooxidation  'Lain  reaction  and  protect  the  membrane.  Vitamin  E  is  especially 
concentrated  in  the  outer  segments  of  the  photoreceptors.  Vitamin  E  is  also  thought  to 
be  a  scavenger  of  singlet  oxygen  and  to  act  synergistical ly  with  selenium  to  protect 
cells  from  oxygen  damage  but  the  i-hibiticn  of  membrane  eutooxidation  is  probably  the 
moc,t  important  function  of  alpha-tocopherol  in  the  retina. 

Hayes**  has  assessed  the  effects  of  vitamin  E  deficiency  on  the  retina  in  two 
species  of  monkeys  over  a  period  of  2  years.  Macular  degeneration  developed  after 
two  years  on  a  vitamin  E  deficient  diet.  The  lesion  was  characterized  by  focal,  massive 
disruption  of  photoreceptor  outer  segments  which  was  attributed  to  lipid  peroxidation 
of  those  lipoprotein  structures  containing  highly  unsaturated  fatty  acids.  The 
■•emarkable  accumulation  of  lipofuscin  pigment  in  the  RPE  was  identical  to  that 
previously  described  in  dogs,  Hayes  et  al*a  and  demonstrated  that  the  RPE  is  capable  of 
extreme  phagocytic  activity  and  lysosomal  digestion,  Robison  et  al**>*7  and  Katz  et 
al6B  have  shown  that  Vitamin  E-deprived  rat  retinas  show  massive  accumulations  of 
lipofuscin  in  the  RPE,  Ji sorgani zati on  of  rod  outer  segment  membranes,  and  loss  of 
photoreceptor  cells.  The  role  of  vitamin  E  in  protecting  the  outer  segments  of 
photoreceptor  cells  from  lipid  peroxidation  is  unequivocally  demonstrated  by  these 
experiments. 
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If  singlet  oxygen  is  indeed  the  reictive  species  in  eost  Type  II  photodynaaic 
effects,  what  protection  does  the  cell  have  beyond  those  provided  by  alpha-tocopherol? 
One  of  the  aajor  protective  devices  in  bacterial  systeas  consists  of  coloured 
carotenoid  pigaents,  Krinsky6*.  There  is  convincing  experiaental  evidence  that 
beta-c;rotene  is  an  effective  quencher  of  102  in  aaaaalian  cells.  That  singlet  oxygen 
quenching  is  involved  in  the  protective  action  of  carotenes  coaes  froa  the  fact  that 
the  rate  of  lQa  quenching  is  a  function  of  the  nuaber  of  conjugated  double  bonds  in  the 
polyene  chain.  Carotenes  with  nine  or  aore  conjugatrd  double  bonds  are  efficient 

quenchers,  Foote81,  Quenching  of  l02  by  beta-carotene  is  due  to  eneray  transfer  with 
the  resulting  production  of  the  triplet  state  of  beta-carotene;  the  latter  dissipates 
this  energy  directly  to  the  solvent  without  daaage  and  therefore  can  react  again  in 
cyclic  fashion.  The  energy  of  the  transition  froa  the  ground  state  to  the  first  excited 
triplet  state  aust  be  equal  to  or  less  than  that  of  the  singlet-triplet  transition  of 
the  excited  oxygen  which  is  22  Kcal  aol-1  or  0.98  eV.  One  of  the  aajor  functions  of 
carotenoids  in  nature  is  to  protect  cells  froa  haraful  or  lethal  photodynaaic  effects. 
In  addition  to  quenching  102  directly,  carotenoids  can  intercept  the  photosensitization 
reaction  at  an  earlier  stage  by  effectively  quenching  the  sensitizer  3S,  thereby 
preventing  the  foraation  of  ‘02.  and  thus  further  decreasing  the  *02  available  for 
initiating  photodynaaic  daaage. 

Still  another  potent  defense  against  the  toxic  effects  of  oxygen  and  light  is 
aelanin,  the  aajor  ingredient  of  the  aalanin  granules  situated  priaarily  in  the  apical 
portion  of  the  RPE  where  they  are  in  close  apposition  to  the  outer  segaents  of  the 
photoreceptor  cells;  aelanin  is  also  the  aajor  constituent  of  the  aelanocytes  in  the 
choroid.  Until  recently,  it  was  generally  assuaed  that  the  aajor  role  or  function  of 
aelanin  was  to  shield  the  outer  segaents  of  the  photoreceptor s  froa  scattered  light  and 
to  convert  absorbed  photons  into  haraless  heat.  There  is  little  doubt  that  this  concept 
of  the  role  of  aelanin  is  generally  valid.  However,  aelanin  aay  have  other  functions 
above  and  beyond  the  aere  conversion  of  light  to  heat. 

Photoprotection  of  the  skin  is  a  sajor  function  of  aelanin,  Pathak  et  al7°, 
McGinness  et  al71,  and  it  aay  well  play  a  siailar  role  in  the  RPE.  One  hypothesis, 
Proctor  et  al72,  is  that  aelanin  plays  a  protective  role  at  low  rates  of  energy  input 
by  a  conversion  to  innocuous  phono-vibrational  aodes  (heat)  but  that  at  a  high  rate  of 
energy  transfer  via  photon  absorption,  aelanin  becoaes  cytotoxic.  Helanin  aay  be 
equally  as  protective  by  aosorbing  the  energy  of  potentially  disruptive  excited  state 
species  or  free  radicals  as  in  absorbing  blue  light  or  UV  radiation.  While  at  lower 
doses  of  UV  or  blue  light,  aelanin  aay  thus  have  a  protective  effect,  there  is  scae 
evidence  that  at  high  radiant  exposures  the  aelanin  itself  becoaes  cytotoxic.  Data  to 
support  this  thesis  coees  froa  the  histological  effects  of  the  blue  light  lesion,  Haa 
et  al*°  where  48  hours  after  exposure  the  RPE  undergoes  an  mflaaaatory  reaction 
accompanied  by  agglutination  of  aelanin  granules  and  soae  phagocytosis  of  aelanin 
granules  by  tacrophages.  Presuaably,  the  aelanin  granules  have  undergone  soae  type  of 
daaage  froa  overexposure  to  blue  light. 

Feeney  and  Beraan®7  suggest  that  biocheaical  daaage  to  the  RPE  by  light  and/or 
oxygen  should  be  re-exaained  in  view  of  the  free  radical  character  of  aelanin  and  its 
possible  role  as  an  electron-transf er  agent.  Helanin  is  a  heterogeneous  randoa  polyaer 
coaprising  several  different  aonoaers  coupled  by  various  bond  types  into  an  aaorphous 
substance  containing  stable  free  radicals  and  seal  conductor  properties  that  ensure 
efficient  electron-transf er  for  redox  systeas.  Recent  research  has  shown  that  aelanin 
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is  a  coaplex  substance  with  a  nuaber  of  interesting  features.  Cope  et  al73  deaonstrated 
by  electron  spin  resonance  aeasureaents  that  the  aelanin  granules  of  the  aasaalian  eye 
generate  free  radicals  when  irradiated  with  visible  light.  Melanin  was  for  a  long 
period  considered  to  be  an  inert  substance,  but  San  et  al74  present  data  to  deaonstrate 
that  aelanin  functions  as  an  efficient  electron-transfer  agent  in  redox  systeas.  Blois 
and  associates7*9  conclude  that  aelanin  is  a  highly  irregular,  three  diaensional  polyaer 
whose  optical  absorption  spectroscopy  in  the  UV  and  visible  regions  of  the  spectrua 
reveals  a  lack  of  structure.  This  is  in  accord  with  Nolbrasht  et  al74  who  believe  that 
aelanin  has  little  biological  significance  other  than  its  absorption  of  light.  However, 
Menon  and  Haberaan77  have  presented  data  to  indicate  that  the  protective  effect  of 
aelanin  is  not  entirely  due  to  the  absorption  of  light.  They  suggest  that  sore 
attention  be  paid  to  the  protective  and  deleterious  effects  of  aelanin  and  that  pigaent 
biologists  keep  an  open  aind  for  other  possible  biological  effects  which  are  not 
presently  recognized. 

Felix  et  al7a  have  reported  that  there  is  rapid  scavenging  of  oxygen  by  aelanin  in 
the  presence  of  light  with  saturation  of  the  electron  spin  resonances  of  free  radicals 
and  reduction  of  the  scavenged  oxygen  to  hydrogen  peroxide,  accoapanied  by  soae 
production  of  superoxide.  Chedekel  et  al74  provide  evidence  that  the  absorption  of 
light  by  pheoaelanin  (polyaeric  pigaents  found  in  the  hair  of  red-headed  individuals) 
in  aerated  aqueous  aedia  produces  superoxide  and  hydroxyl  radicals  as  well  as  solvated 
electrons.  The  action  spectrua  for  superoxide  production  is  greatest  in  the  UV  spectral 
region  but  continues  well  into  the  visible  wavelengths. 

Another  interesting  property  of  aelanin  is  its  ability  to  bind  aetals  and  certain 
drugs.  This  could  be  a  aixed  blessing-either  a  storehouse  for  needed  aaterials  or  for 
toxic  substances  that  poison  the  RPE.  Sarna  et  al°°  found  several  specific  types  of 
aetal  binding  sites  on  aelanin.  The  interaction  of  Cm2*  with  aelanin  was  studied  in 
soae  detail.  Other  aetals  which  bind  to  aelanin  include  Mn2*,  Ni2*  and  Zn2*.  Since 
aelanin  binds  aetals  very  tightly,  these  authors  coapared  the  binding  strength  with 
that  of  ethylenediaainetetraaceti c  acid  (EDTA).  Melanin  has  sites  that  bind  aetals  ao*e 
tightly  than  EDTA  and  soae  that  bind  thea  less  tightly,  Lindquist"4  has  reviewed  the 
literature  on  the  affinity  of  drugs  for  aelanin.  Chloroquine,  quinine  and  antibiotics 
of  the  streptoaycin  group  are  rapidly  localized  in  the  aelar.in-containing  tissues  of 
the  eye.  Adrenaline,  dopaaine  and  noradrenal ine  bind  reversibly  to  aelanin  while 
tyrosine  and  DOPA  lack  aelanin  affinity!  this  affinity  appears  to  be  an  iaportant 
factor  in  drug-induced  lesions.  The  authors  recoasend  that  new  drugs  should  be  tested 
for  aelanin  affinity  before  clinical  use. 

Nainster*2  cites  aelanin  phagocytosis  and  pigaent  cluaping  in  photic  and  senile 
aacul opathi es  as  exaaples  of  the  part  played  by  aelanin  in  the  transfer  of  free 
radicals  in  the  RPE,  and  Feeney*3  points  out  that  the  RPE  of  the  eyes  of  elderly  huaans 
often  contain  coaplex  granules  consisting  of  both  aelanin  and  lipofuscin,  suggesting  an 
interrelated  biological  history  for  these  two  substances.  Feeney  studied  the  history  of 
aelanin  and  lipofuscin  granules  in  30  huaan  RPE's,  spanning  a  lifetiae  of  VO  years.  Her 
data  md  cate  that  RPE  aelanin  undergoes  autophagic  reaodeling  and  degradation  during 
the  huaan  lifespan,  She  postulates  that  aelanin  plays  a  key  role  in  protecting  cells 
f^oa  light-generated  free  radicals  and  suggests  that  the  loss  or  degeneration  of 
aelanin  can  leao  to  senil  changes  in  the  RPE.  As  aentioned  earlier,  Young44  also 
attributes  a  aajor  role  vo  aelanin  as  a  protective  agent  against  AMD. 
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In  view  of  the  aany  interesting  properties  of  aelanin  as  listed  above,  i.e.,  : 

seei-conductor,  electron-transfer,  scavenger  of  singlet  oxygen  and  free  radicals,  j 

superoxide  and  other  free  radical  production  when  irradiated  with  light,  affinity  for  j 
drugs  and  eetals,  liason  with  aging  phenomena  involving  lipofuscin  and  drusen,  it  seees  j 
plausible  to  propose  that  aelanin  plays  both  a  protective  and  a  cytotoxic  role  in  ! 

retinal  photopathology.  The  association  of  pigaentary  disturbances  with  specific  l 

disease  syaptoeology  such  as  deafness,  inf laaeatory  lesions,  neurological  disorders,  or  ’ 
pigaent  retinopathies,  suggests  an  active  rather  than  a  passive  role  for  aelanin  in  i 

biological  systeas,  Mc6inness  1  Proctor*4,  Proctor  ti  McBinness*0,  Barr  et  al**,  j 

Proctor*7.  i 

j 

i 

Thus,  nature  has  evolved  an  iapressive  array  of  defense  aechanisas  to  protect  the  i 

retina  (and  also  the  lens)  froa  the  toxic  effects  of  light  and  oxygen.  Modern  science  J 

and  aedicine,  however,  have  doubled  the  life  span  of  aan,  thereby  subjecting  the  eye  to  I 

aging  effects  like  cataract  and  aacular  degeneration.  There  can  be  little  doubt  that  ; 

long-tera,  chronic  exposure  to  light  and  oxygen  accelerates  the  aging  process,  despite  ! 
the  body's  defense  aechanisas.  It  is  interesting  to  note  that  rhesus  aonkeys,  like  aan, 
are  also  subject  to  retinal  degeneration,  El-Mofty  et  al**  and  Bellhorn  et  al**,  It  is 
possible  to  overwhela  the  retina's  protective  aechanisas  as  is  done  when  albino  rats, 
Noell32,  are  exposed  continuously  to  light.  Under  these  conditions  of  continuous  J 

bleach,  the  photoreceptor  cells  are  destroyed  first,  followed  by  daaage  to  the  RPE. 

This  is  not  a  surprising  result  considering  the  lack  of  both  a  protective  pigaent  and  a 
nocturnal  environaent.  The  saae  result  can  be  achieved  in  diurnal  pigaented  priaates, 

Sykes  et  al*°,  but  only  by  exposing  the  eye  continuously  for  12  hours  to  bright  light 
levels  through  a  dilated  pupil.  The  blue  light  lesion,  Haa  et  al1*,  is  another  exaaple 
of  overwhelaing  the  defense  aechanisas  of  the  retina  but  the  daaage  is  highly  localized 
and  first  appears  in  the  RPE  and  not  in  the  photoreceptors  and  the  biological  endpoint 
is  a  depignented  RPE  which  bears  a  close  reseablance  to  the  early  stages  of  age-related 
aacular  degeneration.  The  retina  is  also  extreaely  sensitive  to  near  UV  radiation.  Here 
the  daaage  appears  in  both  the  photoreceptors  and  the  RPE.  Retinal  defense  aechanisas 
against  near  UV  radiation  are  probably  ainiaal  because  the  ocular  aedia  of  the  noreal 
eye  with  intact  lens  transaits  very  little  UV  radiation. 

10.  THE  EFFECT  OF  DXYBEN  ON  LIGHT  TOXICITY. 

Although  definitive  proof  is  lacking,  there  is  suggestive  evidence  that  oxygen  free 
radicals  and  reactive  aolecules,  superoxide  (US),  hydrogen  peroxide  (H3Q3),  hydroxyl 
radical  (OH*)  and  singlet  oxygen  (l03)  play  an  iaportant  role  in  photocheai cal  daaage 
to  the  retina.  To  further  test  this  hypothesis,  Haa  et  al31,  exposed  aacaque  aonkeys 
under  oxygenation  to  blue  light  (435-445  na)  peaked  at  440  na  and  coapared  the 
threshold  for  retinal  daaage  to  that  deterained  under  norsal  conditions  (breathing 
air).  Monkeys  under  anesthesia  respired  through  an  endotracheal  tube  with  attached  gas 
bag.  They  breathed  various  ratios  of  oxygen/nitrogen  ranging  froa  20 /BO  (air)  to  80/20 
and  100X  oxygen.  Arterial  blood  saaples  were  taken  before  and  after  30  ainutes  of 
breathing  a  specific  aixture  and  analyzed  for  (P03)  in  aa  of  Hg.  The  decrease  in 
radiant  exposure  (J‘ca~3)  was  exponential  with  increase  in  P03,  An  eapirical  equation, 

H»  39.3  exp(-.0049  P03)  was  established  froa  the  data  on  8  eyes  in  4  aonkeys  breathing 
various  aixtures  of  oxygen/ni trogen ) e. g.  at  a  P03  of  270  as  of  Hg,  the  threshold  was 

10.5  J*ca*3  as  contrasted  with  30  J-ca-3  for  aonkeys  breathing  20/80  (air). 

Histopathology  disclosed  ao re  severe  daaage  to  the  RPE  than  that  observed  under  noraal 

conditions,  Ruffolo  et  al22.  RPE  cells  were  swollen  and  distorted  at  24  hours 
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postexposure  rather  than  at  48  hours  as  normally  found  for  threshold  blue  light 
lesions. 

Continuing  our  research,  Haa  et  ml*1,  me  exposed  the  aphakic  eye  {lens  surgically 
relieved)  of  a  rhesus  tonkey  to  325  na  ultraviolet  radiation  while  elevating  the 
arterial  blood  oxygen  level  to  various  PD2's  (398,  389,  278  and  139  aa  of  Hg).  Radiant 
exposures  for  threshold  daaage  were  reduced  froa  5.5  J*ca~a  at  noraal  P02's  (75-100  aa 
Hg)  to  less  than  2  J-ca*2  for  P02's  greater  than  300  aa  Hg.  The  actual  threshold  was 
not  deterained  but  estiaated  to  be  less  than  1  J*ca-2.  The  histological  appearance  of 
these  lesions  was  draaatic.  There  was  severe  daaage  to  cone  ellipsoids  and  in  soae 
histologic  speciaens  the  effect  of  oxygen  plus  near  ultraviolet  radiation  was 
devastating.  These  findings  certainly  demonstrate  that  increased  arterial  blood-oxygen 
tension  increases  the  sensitivity  of  the  priaate  retina  to  radiation  daaage  but  they  do 
not  prove  that  oxygen  radicals  and  reactive  aolecules  are  involved.  The  oxygen  effect, 
while  suggestive,  does  not  exclude  aany  other  reactions  froa  taking  place.  Heanwhile, 
lack  of  understanding  of  the  basic  aechanisas  underlying  photochemical  light  daaage 
should  not  obscure  the  practical  and  cliniical  significance  of  the  oxygen  effect. 

The  protective  features  of  beta-carotene  have  been  shown  in  one  rhesus  aonkey  at 
P02  levels  of  22 6  and  316  aa  Hg.  The  radiant  exposure  needed  to  produce  a  ainiaal  blue 
light  lesion  was  increased  by  60  and  44X  respectively.  This  experiaent  can  be 
interpreted  as  presuaptive  evidence  for  singlet  oxygen  toxicity  in  the  retina  but 
definite  proof  is  lacking  since  beta-carotene  can  desensitize  other  excited  or  reactive 
aolecules  as  well  as  singlet  oxygen.  Other  experiments  with  the  steroid 
aethylprednisolone  and  the  enzymes  superoxide  dismutase  (SOD)  and  catalase  were 
inconclusive,  so  that  solid  proof  that  oxygen  radicals  are  responsible  for 
photochemical  light  toxicity  is  still  lacking. 


11.  PULSE  TRAIN  STUDIES  OF  40  h  CROSECOND  PULSE5  AT  647  ftND  4BB  nm  WAVELENGTHS  FOR 
PRP'S  OF  10o.  200.  4 OP  ah'd"1600  Hz.  - 


We  have  submitted  for  publication  a  study  of  40  microsecond  pulses  at  two 
wavelengths  (647  and  488  na)  produced  by  the  argon-krypton  laser1*2,  A  rotating  disk 
with  holes  in  the  periphery  produced  PRF’s  of  100,  200,  400  and  1600  Hz,  The  average 

thresholds  as  deterained  by  exposures  to  4  different  macaque  monkeys  are  given  in 

Tables  2  and  3.  Table  2  provides  data  for  647  na)  Table  3  for  4BB  na.  Peak  power,  Pc, 
was  measured  with  a  Scientech  calorimeter.  Pulse  width  was  measured  to  the  17e  points 
on  a  Tektronix  585  oscilloscope.  These  thresholds  were  difficult  to  obtain  because  of 
the  small  size  of  the  lesion  produced  by  the  laser  beam  operating  in  the  TEH00  «ode. 
Sometimes  it  required  as  many  as  160  exposures  to  define  a  threshold  by  interpolation. 
All  data  points  are  the  average  of  four  thresholds  determined  in  four  individual  monkey 
retinae.  Due  to  the  extremely  small  size  of  the  lesion  it  was  necessary  to  place  three 
exposures  of  equal  intensity  in  a  row  to  verify  the  threshold. 

The  data  in  Tables  2  and  3  are  represented  graphically  in  Figures  3,  4,  5  and  6 
where  corneal  power  Pc  in  U  necessary  to  produce  a  threshold  lesion  is  plotted  against 

exposure  time  in  seconds  in  a  log-log  plot.  Each  figure  represents  a  specific  PRF 

beginning  with  100  Hz  for  Fig.  3,  200  Hz  for  Fig.  4,  400  Hz  for  Fig.  5  and  1600  Hz  for 
Fig.  6.  The  647  nm  data  are  the  X  plots,  the  488  nm  data  the  circle  plots)  also  shown 
on  each  figure  are  the  threshold  data  for  647  nm  in  the  CM  TEM00  mode. 
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In  every  case  the  threshold  for  488  na  pulses  is  lower  than  the  threshold  for  647 
ns  pulses  and  for  1000  s  exposures  at  1600  Hz,  the  488  ns  threshold  is  even  lower  than 
the  CH  threshold  for  647  ns.  For  each  pulse  repetition  frequency  the  difference  in 
threshold  between  the  two  wavelengths  increases  as  the  exposure  tie*  increases.  The 
difference  in  the  thresholds  widens  as  the  PRF  increases.  The  sharp  bend  in  the  graphs 
of  488  ns  wavelength  at  100  s  exposure  tine  can  be  interpreted  as  a  basically 
photocheaical  effect  at  the  longer  exposure  tises  as  opposed  to  a  probable  sixture  of 
theraally  enhanced  photochesical  effects  at  the  shorter  exposure  tiaes.  At  still  longer 
exposure  tiaes  we  would  expect  the  647  na  pulse  curve  to  esyatotically  approach  the  CH 
threshold  for  647  na  ,  especially  as  the  PRF  was  increased  into  the  MHz  region. 
Unfortunately  we  do  not  have  any  data  for  488  na  wavelength  in  the  CH  aode. 


Figure  3 

Threshold*  of  647  no  krypton  v»  458  no  argon,  40  oicreoocond  pulsoo  at  100  Hr  FRF. 
Corntal  pooor  <P*)  in  Hatt*  (W)  nectaaary  to  product  a  thrtahold  leaion  it  piottod 
aqrinat  exposure  tiae  in  ttcondt.  No  optica  in  btao»(T£Hoo  oodo). 
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Figure  5 

Thresholds  of  647  ns  krypton  vs  48B  ns  argon,  40  sicrosscond  pulses  at  400  Mi  PRF. 
Corneal  power  (Pc)  in  Matts  (H)  necessary  to  produce  a  threshold  lesion  is  plotted 
against  exposure  tise  in  seconds.  No  optics  in  bees. <TEHO0  node). 
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Figure  6 


Threshold*  of  647  no  krypton  vs  488  ns  argon,  40  aicrosocond  pulses  at  1600  Hz  PRF 
Corneal  poeer  (Pe)  in  Watts  (W)  necessary  to  produce  a  threshold  lesion  is  plotted 
against  exposure  tise  in  seconds.  No  optics  in  boas. (TEH00  sode). 
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Retinal  lesions  produced  by  40  eicroeecond  pulses  of  647  ns  red  light  at  a  PRF  of 
1600  H2  sere  exaained  histologiclly  in  one  aonkey  eye.  Exposures  sere  10  s  in  duration 
at  a  peak  poser  to  the  cornea  of  43  at).  Previous  experiaents  had  deterained  the 
threshold  as  16  aW  to  the  cornea.  Nine  exposures  Mere  placed  in  tMo  roes  across  the 
aacular  area.  They  Mere  clearly  visible  in  the  fundus  caaera  and  estiaated  to  be  25  to 
SO  aicroaeters  in  diaaeter.  Five  of  these  lesions  sere  detected  histologically.  The 
severest  lesion  is  shonn  in  Figures  7A,  7B  and  7C  nhich  are  200,  300  and  480 
aagnif ications  respectively.  The  lesion  is  about  4  retinal  pigaent  epithelial  (RPE) 
cells  across.  The  photoreceptor  cells  above  these  4  RPE  cells  are  coapletely  ablated 
and  there  are  pyknotic  nuclei  in  the  outer  nuclear  layer  (D^L).  There  is  daaage  and 
depigaentation  of  the  RPE  but  Bruch's  aeabrane  seeas  intact.  The  other  4  exposures  Mere 
auch  ailder  than  the  lesion  shoan  in  Figures  7A,  7B  and  7C.  Figure  8  (480X)  shoas  one 
of  these  aild  lesions.  Only  the  cone  ellipsoids  and  nuclei  iaaediately  adjacent  to  the 
border  betaeen  the  0NL  and  the  inner  segaents  of  the  photoreceptors  are  involved  and 
there  is  no  evidence  of  daaage  to  the  underlying  RPE.  The  cone  ellipsoids  appear  to  be 
particularly  vulnerable.  In  our  experience  this  type  of  daaage  does  not  correspond  to 
either  theraal  or  photocheaical  injury  as  Me  have  noted  it  in  the  past.  Peak  poaers  are 
not  high  enough,  nor  exposure  tiae  short  enough  to  postulate  non-linear  daaage  froa 
sonic  transients.  He  suspect  that  aarked  absorption  takes  place  in  the  cone  ellipsoid 
aitochondria  and  that  singlet  oxygen  aay  also  be  involved  but  this  is  aere  speculation. 
In  future  experiaents  nc  plan  to  investigate  the  role  of  oxygenation  (elevated  P02) 
uhile  exposing  the  retina  to  647  na  laser  light.  A  positive  effect  (enhanceaent  of 
retinal  sensitivity)  Mould  suggest  that  singlet  oxygen  Mas  involved. 
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Legend  for  Figures  7A,  7B,  7C  and  B. 

7A,  7B,  and  7C  are  photographs  of  the  sate  lesion  at  Magnif ications  of  200,  300  and  4B0 
respectively.  The  histology  is  phase-contrast,  unstained.  The  exposure  details  are 
as  follows:  Krypton  laser  bean  (647  nm)  chopped  by  a  rotating  disc  into  40 
Microsecond  pulses  at  a  pulse  repetition  frequency  of  1600  H2 ,  exposure  tine  10  s, 
peak  power  at  cornea  43  mM,  estimated  spot  size  on  retina  about  40-50  Micrometers 
in  diameter  to  the  l/ea  points.  The  1/e2  beas  diameter  at  the  cornea  <  Ism. 

Figure  8.  Photo  of  a  mild  lesion.  Histology  and  exposure  details  identical  to 
above. 


Threshold  Data  lor  40  Microsecond  Pulses  ol  Argon-Krypton  647  no 
Laser  Radiation.  No  Optics  in  Boas. 

Radiant  exposures  H0  per  pulse  and  H„  Total  in  J*ca~a  for  a 
ainiaal  lesion  in  the  aonkey  retina  are  given  for  40  Microsecond 
pulses  at  pulse  repetition  frequencies  (PRF)  of  100,  200,  400  and  1600 
pulses  per  second  for  exposure  durations  ranging  froa  1  to  1000  s.  E0 
in  W*ca~2  on  the  retina  is  calculated  on  the  asssuaption  that  the 
laser  beaa  produced  25  aicroaeter  lesions  at  the  1/e  points  of  the 
Gaussian  distribution,  E=E„exp  (~r2/2o2)  according  to  the  foraula 
Eo=PcT/2tto2  where  Pe  in  Watts  is  the  power  entering  the  cornea  as 
Measured,  T  is  the  transaission  through  the  ocular  aedia  (0.93  for  647 
na)  and  a  is  the  Gaussian  paraaeter  corresponding  to  a  radius  r  of 
12.5  aicroaeters.  Each  data  point  represents  the  average  of  the 
threshold  in  4  different  aonkeys.  It  required  approxiaately  160 
exposures  to  interpolate  for  one  threshold  in  each  aonkey. 
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Threshold  Dsta  for  40  Microsecond  Pulses  of  Argon-Krypton  48B  na 
Lsser  Radiation.  No  Optics  In  Base. 

Radiant  exposures  H0  per  pulse  and  H0  total  in  J*cm"a  for  a 
•iniaal  lesion  in  the  monkey  retina  are  given  for  40  aicrosecond 
pulses  at  pulse  repetition  frequencies  (PRF)  Of  100,  200,  400  and  1600 
pulses  per  second  for  exposure  durations  ranging  froe  1  to  1000  s.  E0 
in  W*cm"*  on  the  retina  is  calculated  on  the  assueption  that  the  laser 
beam  produced  25  micrometer  lesions  at  the  1/e  points  of  the  Gaussian 
distribution,  E=E„exp (-r*/2a2)  according  to  the  foraula  E0=PeT/2iro* 
where  Pc  in  Watts  is  the  power  entering  the  cornea  as  aeasured,  T  is 
the  transmission  through  the  ocular  media  (0.834  for  44B  no)  and  a  is 
the  Gaussian  parameter  corresponding  to  a  radius  r  of  12.5 
micrometers.  Each  data  point  represents  the  average  of  the  threshold 
in  four  different  monkeys.  It  required  approximately  140  exposures  to 
interpolate  for  one  threshold  in  each  monkey. 
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12,  EXPOSURE  OF  ft  VISUALLY  TRAINED  MONKEY  TO  ft  MILES  PROTOTYPE  6afts  LASER 


The  military  establishment,  particularly  the  Amy,  is  concerned  about  the  potential 
ocular  hazards  of  GaAs  laser  radiation.  The  Amy  has  developed  a  training  protocol  in 
the  field  (MILES)  that  employs  GaAs  lasers  mounted  on  rifles,  tanks,  etc.  to  simulate 
live  ammunition.  The  laser  transmitter  is  a  GaAs  laser  operating  at  910  n*.  The  output 
is  a  modulated  pulse  train  at  an  average  PRF  of  1632  Hz  with  a  pulse  duration  of  60 
ns. 


A  monkey  trained  for  visual  function  tests  was  exposed  to  a  GaAs  Miles  prototype 
laser  (furnished  by  the  U.S.  Army  RiD  Command)  emitting  a  30  nm  bandwidth  peaked  at  910 
n«.  The  beam  was  collimated  to  almost  parallel  and  reflected  off  a  “hot  mirror"  to 
produce  a  semi -rectangul ar  beam  2  X  1.5  cm  at  the  cornea  of  the  exposed  eye.  The  animal 
looked  through  the  "hot  mirror"  to  the  screen  that  the  testing  image  (Landolt  ring)  was 
focussed  on.  Irradiance  at  the  cornea  was  293  microwatts* cm--1  at  a  PRF  of  1632  Hz.  The 
pupillary  diameters  of  both  eyes  were  approximately  5  mm.  The  beam  produced  an  image  on 
the  retina  estimated  to  be  <  50  micrometers  in  size.  Both  eyes,  exposed  and  unexposed, 
were  tested  monocularly  for  visual  acuity,  spectral  sensitivity,  and  latency  of 
response  on  a  daily  basis,  5  days/week.  The  GaAs  laser  was  switched  on  for  1000  s 
during  the  testing  period  which  normally  was  30  min. 

The  monkey  selected  for  these  exposures  had  a  long  history  of  visual  testing. 

Normal  baselines  on  visual  acuity,  spectral  sensitivity  and  latency  of  response  were 
avalable  over  a  period  of  years  for  comparison  to  any  changes  brought  about  by  the  GaAs 
laser  radiation.  These  baselines  were  kept  on  a  daily  basis  during  the  exposure  rsgime 
that  consisted  of  81  sessions  over  a  4  month  period  and  for  3  months  after  laser 
exposures  ceased.  Thereafter,  sellar  baselines  were  tested  on  a  weekly  basis  for  more 
than  one  year.  No  significant  changes  .jere  noted  in  either  the  control  eye  (unexposed) 
or  the  exposed  eye  up  to  the  time  of  sacrifice  for  histological  analysis.  There  was  no 
histological  evidence  of  damage  from  the  GaAs  laser  exposures.  This  experiment  provided 
further  evidence  that  the  MILES  program  is  not  an  ocular  hazard  to  troops  in  the 
field. 
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•a  t  ail  Heater 

na  . i  nanoaeter 
ya  i  aicroaatar 
a  t  second 
ea  i  aillitcecond 
ys  i  aicrostcond 
na  i  nanoatcond 

PRF  i  pul  it  repetition  frequency 

RPE  i  retinal  pigaent  apitheliua 

ONL  i  outer  nuclear  layer 

OS  t  outer  sagaants 

Hz  i  Hertz 

He  i  heliua 

Ne  i  neon 

Ar  i  argon 

Kr  t  krypton 

Hg  t  aarcury 

6a  i  galliua 

As  i  arsenide 

P02  i  oxygen  pressure  (tension). 

0=  i  oxygen  solecule 

Nr  i  nitrogen  solecule 

s03  t  aoleccuiar  oxygen  in  ground  state 

*02  >  Molecular  oxygen  in  excited  singlet  state 

Or  i  superoxide  anion  radical  of  solecular  oxygen 

S  :  solecular  snsitizer 

*S  :  singlet  excited  state  of  aolecular  sensitizer 
3S  i  excited  triplet  state  od  aolecular  sensitizer 
OH-  ;  hydroxyl  radical 
UV  i  ultraviolet 
SOD  i  auperoxide  disautase 
CAT  i  catalase 
h  i  Planck's  Constant 
v  :  frequency 
cm  t  continuous  save 

TEhooj Transverse  electruaagnetic  aave-fundaaental  aode 
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